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Abstract 
 
Summer is often associated with a decrease in production animal performance. This is particularly 
evident in dairy cows; where decreases in milk yields, conception rates, and changes in milk 
composition have been recorded for many years. For the US dairy industry, heat load has an annual 
economic burden between $ 897 and $ 1 500 million. In Australia, the cost of heat stress has been 
reported as approximately $ 11 986 per year for a 100 cow herd, averaging 25 litres per cow without 
access to shade. It is difficult to completely quantify the economic losses associated with heat load 
due to the interactions of heat load with feed intake; milk production and composition; and 
reproduction. Beyond this, high heat load (environmental and metabolic) can have a negative effect 
on cow welfare and wellbeing. In the tropics and sub-tropics summer conditions are of further 
concern. In these regions, dairy cows may be subjected to hot weather conditions outside their 
thermoneutral zone for considerable periods of time.  
 
Determining the effect of heat load on cattle has led to the development of a number of climatic 
indices. These models use ambient weather conditions to describe the effect they will have on the 
production and/or welfare of animals. The Temperature Humidity Index (THI) is the model currently 
used in the Australian dairy industry. It utilises measures of ambient temperature (TA, °C) and relative 
humidity (RH) to produce a unit value that describes the effect of the thermal environment on the 
cow. However it has been highlighted that air movement and solar load affect thermal exchange 
mechanisms, thus influencing the heat load status of dairy cows. Given that the THI does not 
incorporate the effects of air movement or solar radiation on cows, there is the potential that the model 
may not adequately describe the effects of heat load on dairy cows. 
 
To date, there has not been a heat load model developed specifically for dairy cows housed outside 
in a sub-tropical environment that takes into account these parameters, and the associated effects on 
production efficiency. Therefore the experiments described within this thesis were to define the; 
i) Development of a Dairy Heat Load Index (DHLI) for use within the Australian dairy industry 
that incorporates air movement, solar radiation as well as animal and management factors 
in predicting the thermal comfort of dairy cows; 
ii) Effect of summer on behaviour and body temperature of dairy cows; 
iii) Influence of shade on milk production and composition, behaviour and body temperature of 
dairy cows during summer;  
ii 
 
From these experiments the key development was the DHLI. The DHLI model was developed based 
on mean panting score (MPS) using black globe temperature (BGT, °C) and RH (decimal), where 
the DHLI equation takes the following form; 
 
𝐷𝐻𝐿𝐼 =
1.681813
(1 +  𝑒−(−8.50749+ 0.206159∗𝐵𝐺𝑇+4.088399∗𝑅𝐻))
 
 
To transform the DHLI to a value between 0 and 100 the DHLI equation takes the following form; 
 
𝐷𝐻𝐿𝐼 =
(
1.681813
(1 +  𝑒−(−8.50749+ 0.206159∗𝐵𝐺𝑇+4.088399∗𝑅𝐻))
) − 0.0002
1.6812 − 0.0002
 × 100  
 
Where BGT = black globe temperature (°C); and RH = relative humidity (decimal) 
 
Improvements in animal management have contributed to alleviating some of the negative effects of 
heat load. However summer conditions are still responsible for significant production losses and 
welfare concerns worldwide. Furthermore heat load cannot be completely eradicated where there are 
animal production operations in tropical and sub-tropical regions. Thus the ability to forecast and 
predict heat load conditions becomes integral to implementing effective mitigation strategies. 
Traditionally the THI has been defined as the gold standard in identifying the intensity of the thermal 
environment on lactating dairy cows, however the THI does not incorporate wind speed (WS, m/s) 
or solar radiation (SR; W/m2), which are well known to influence thermal exchange mechanisms. 
The purpose of this thesis was to develop a refined heat load model to better predict the impact of 
heat load on sub-tropical and tropical dairy regions. Whilst the DHLI model was developed, it must 
be recognised that more refinements are required to ensure its suitability for commercial industries.  
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Chapter 1 
General Introduction  
 
Heat stress is a production and animal welfare concern in sub-tropicaland tropical dairy enterprises 
worldwide. Heat stress results in reductions in dry matter intake, growth, feed conversion efficiency 
(Brown-Brandl et al., 2005a, Brown-Brandl et al., 2006b, Eigenberg et al., 2005), reproductive 
performance (Jordan, 2003), milk production, and milk quality (West, 2003, Rhoads et al., 2009). 
Production losses due to heat stress are suspected to cost the US dairy industry between $897 and $1 
500 million annually (St-Pierre et al., 2003). In Australia, the cost of heat stress has been estimated 
at approximately $ 11 986 per year for a single 100 cow herd, averaging 25 litres per cow without 
access to shade (Mayer et al., 1999).  
 
For animals stress, or strain, is brought about by the displacement of an animals’ internal environment 
by an external stressor (Finch, 1984). In regards to heat stress, Buffington et al. (1981) defined heat 
stress “any combination of environmental conditions that will cause the effective temperature of the 
environment to be higher than the temperature range of the animal’s thermoneutral zone.” Where 
the thermoneutral zone was defined by Ames (1980, pp 457) as “the optimum thermal environment 
in which the animal enjoys optimum health and maximum productivity.” When cows experience 
climatic conditions above their thermoneutral zone the body accumulates a heat load from the 
environment, thus entering a state of ‘heat stress’ leading to the initiation of thermal exchange 
mechanisms in order to maintain homeostasis (Finch, 1984), resulting in the diversion of energy 
towards thermoregulation (Ravagnolo and Misztal, 2002, Kadzere et al., 2002). However the term 
heat stress tends to be misleading as by definition it refers to the combination of environmental 
conditions alone without consideration of animal factors that may influence the accumulation and 
dissipation of heat from the body (Buffington et al., 1981, Gaughan, 2002).  
 
There are numerous factors that influence thermal exchange in livestock. These factors include: 
genotype; coat type and colour; diet composition and amount consumed; body condition, i.e. fat 
coverage and deposition; performance, i.e. milk composition and volume produced; days in milk; and 
health status. Therefore the term heat stress tends to be misleading as it does not encompass the 
complexity of heat accumulation and dissipation from the body, thus throughout this thesis the term 
heat load will be used rather than heat stress. The term heat load accounts for the cumulative 
influences of animal factors and environmental conditions on the thermal comfort of animals 
(Gaughan, 2002) and therefore becomes a better descriptor of an animal’s thermal balance. 
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There is the potenital that the effect of heat load on sub-tropical and tropical dairies will continually 
increase if climate change prediction models are accurate. In Australia, between 1970 and 2006, mean 
ambient temperature (TA, °C) has been increasing linearly by 0.19 °C per decade (Murphy and 
Timbal, 2008). Furthermore, Solomon et al. (2007) forecasts that climate change may increase the 
prevalence and intensity of heat wave events in future years. Additionally there is the potential that, 
through genetic selection for larger cow size and increased milk production, the thermoneutral zone 
of the modern dairy cow is lower than traditionally recognised (Kadzere et al., 2002). This is 
somewhat likely given that there is a positive correlation between increased milk yield to feed intake 
and metabolic heat production (Kadzere et al., 2002). Therefore the economic significance of heat 
load is especially important to commercial producers. The ability to predict heat load conditions to 
allow for the implementation of mitigation strategies has become imperative for commercial 
producers. 
 
Determining the effect of heat load on cattle has led to the development of a number of climatic 
indices, in an attempt to forecast forthcoming hot climatic conditions on cattle. These models use 
ambient weather conditions to describe the potential negative influence on production and or welfare 
of animals. The Temperature Humidity Index (THI) is the model currently used in the Australian 
dairy industry. The THI model utilises a measure of TA and air moisture content to assign a unit value 
to the current conditions. However, it has been outlined that air movement and solar load also play a 
role in thermal exchange mechanisms, thus affecting the heat load status of animals (Brown-Brandl 
et al., 2005b, Esmay, 1969, Gaughan et al., 2008b, Gebremedhin, 1985, Silanikove, 2000). The THI 
does not account for either of these variables. The Heat Load Index (HLI) for feedlot cattle, developed 
by Gaughan et al. (2008b), incorporates the combined effects of relative humidity (RH), wind speed 
(WS, m/s) and black globe temperature (BGT, °C) to predict the cumulative effects of climatic 
conditions. Furthermore, the HLI incorporates a number of animal and management factors within 
the model to provide a prediction model that reflects the thermal status of cattle specific to that 
location. In addition during the development of the HLI threshold values were determined; allowing 
for the calculation of accumulated heat load (Gaughan et al., 2008b). The accumulated heat load 
model provides an indication of the accumulated thermal stress the animal may be under (Gaughan 
et al., 2008b). Thus the HLI model has been able to account for the deficiencies of the THI, however 
the HLI has been developed specifically for feedlot cattle, suggesting a need to review the 
applicability of the THI for the Australian dairy industry. 
 
The earliest THI was presented by Thom (1958) and was described as The Discomfort Index for 
human application. The Discomfort Index was then described for application in dairy cattle by Berry 
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et al. (1964). The THI was used as a prediction for the combined effects of ambient temperature and 
relative humidity towards estimating production losses (Berry et al., 1964). Biological responses to 
THI values were evaluated in order to provide stress category thresholds (Armstrong, 1994, LCI, 
1970, Hahn et al., 2009). The THI stress thresholds were defined as: ≤ 74 no stress, indicating 
thermoneutral conditions; 75 to 78 alert, mild to moderate stress; 79 to 83 danger moderate to severe 
stress; and ≥ 84, emergency, extreme stress where deaths due to excessive heat load may occur. The 
THI, in its various forms, utilises TA and either wet bulb temperature (°C), dew point temperature 
(°C) or RH (Bohmanova et al., 2007, Buffington et al., 1981). The THI value is used to denote the 
level of thermal stress imposed at a particular point in time (Bohmanova et al., 2007). However 
numerous authors identified limitations of the THI, where it does not account for WS or SR, which 
are known to influence thermal exchange and ultimately the animal’s response to heat load conditions 
(Gaughan et al., 2008b, Bond et al., 1967, Blackshaw and Blackshaw, 1994, Brown-Brandl et al., 
2006b, Dikmen and Hansen, 2009, Mader et al., 2006, Mader et al., 2010b). Regardless of the 
limitations, the THI has been the gold standard in classifying the intensity of the thermal environment 
on livestock (Hahn et al., 2009). 
 
The THI model has historically been used in the prediction of heat stress in dairy cattle, however 
given the deficiencies of the model the THI may not adequately describe the effect of heat load on 
dairy cows. Moreover, it does not account for accumulated heat load during hot climatic conditions, 
animal factors that may affect heat load (size, age, or level of production), or management factors 
(cooling management). To date, there has not been a heat load model developed specifically for dairy 
cows housed outside in a sub-tropical environment that takes into account these parameters, and the 
associated effects on production efficiency. Therefore the research for this thesis was primarily 
undertaken to ‘evaluate the effectiveness of the current THI model in describing the effect of hot 
ambient conditions on physiological, behavioural and biological responses of lactating dairy cows.’ 
A number of experiments were carried out at The University of Queensland, Gatton Campus to 
evaluate this hypothesis. The primary objective of the experiments within this thesis were conducted 
to;  
 Develop a Dairy Heat Load Index (DHLI), that provides a better prediction of cow comfort 
than the THI  
Secondary objectives of the experiments within this thesis were conducted to determine the; 
 Impact of a sub-tropical summer on the i) behavioural ii) physiological and ii) production s 
responses of lactating dairy cows; 
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 Influence of shade on milk production and composition, electrolyte balance, behaviour and 
body temperature of lactating dairy cows during summer; and  
 Effect of milk production capacity (L/d) on the ability of cows to tolerate heat load 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 
 
Chapter 2 
Review of the Literature 
 
2.1 Introduction ___________________________________________________________ 6 
2.2 Climatic Causes of Heat Load_____________________________________________ 7 
2.2.1 Ambient Temperature __________________________________________________ 8 
2.2.2 Relative Humidity _____________________________________________________ 8 
2.2.3 Thermal Radiation _____________________________________________________ 8 
2.2.4 Wind Speed __________________________________________________________ 9 
2.3 Mechanisms for Thermal Exchange ________________________________________ 9 
2.3.1 Conduction __________________________________________________________ 11 
2.3.2 Convection __________________________________________________________ 12 
2.3.3 Evaporation _________________________________________________________ 12 
2.3.4 Radiation ___________________________________________________________ 12 
2.4 Climatic Indices _______________________________________________________ 12 
2.4.1 Temperature Humidity Index ____________________________________________ 14 
2.4.2 Black Globe Temperature Humidity Index _________________________________ 16 
2.4.3 Comprehensive Climate Index ___________________________________________ 17 
2.4.4 Heat Load Index ______________________________________________________ 18 
2.4.5 Accumulated Heat Load________________________________________________ 20 
2.4.6 Index of Thermal Stress for Cattle ________________________________________ 20 
2.5 Animal Factors Influencing Heat Load ____________________________________ 21 
2.5.1 Breed Differences ____________________________________________________ 21 
2.5.2 Coat Characteristics ___________________________________________________ 21 
2.5.3 Health Status ________________________________________________________ 22 
2.6 Animal Responses to Heat Load __________________________________________ 22 
2.6.1 Physiological Responses to Heat Load _____________________________________ 24 
2.6.1.1 Respiration Rate ____________________________________________________ 24 
2.6.1.2 Panting Score ______________________________________________________ 25 
2.6.1.3 Body Temperature __________________________________________________ 26 
2.6.1.4 Sweating __________________________________________________________ 26 
2.6.1.5 Dry Matter Intake ___________________________________________________ 27 
2.6.1.6 Water Intake _______________________________________________________ 27 
2.6.2 Behavioural Responses to Heat Load ______________________________________ 28 
2.6.2.1 Posture ___________________________________________________________ 28 
2.6.2.2 Rumination ________________________________________________________ 29 
2.6.2.3 Shade Seeking _____________________________________________________ 29 
2.7 Heat Load Effects on Production _________________________________________ 30 
2.7.1 Milk Yield __________________________________________________________ 31 
2.7.2 Milk Composition ____________________________________________________ 32 
2.7.2.1 Milk Fat ________________________________________________________ 32 
2.7.2.2 Milk Protein _____________________________________________________ 33 
2.8 Alleviation Strategies ___________________________________________________ 33 
2.8.1 Shade ______________________________________________________________ 34 
2.8.2 Sprinklers and Fans ___________________________________________________ 35 
2.8.2.1 Milking Parlour Alleviation _________________________________________ 37 
2.8.3 Time Management ____________________________________________________ 37 
2.9 Conclusions ___________________________________________________________ 37 
 
6 
 
2.1 Introduction  
Thermal stress, especially heat stress, is a known cause of milk production losses in dairy cows and 
negatively impact animal welfare. Ames et al. (1980) stated that the important factors of livestock 
production are reproduction, lactation and growth, all of which are essential if livestock are to be used 
as a food source. The thermal environment has been outlined as one of the factors that determines an 
animals’ ability to grow and produce to its genetic potential (Ames et al., 1980, Johnson, 1987); 
alongside the biological environment (Johnson, 1987). Reductions in dry matter intake (DMI), 
growth, feed conversion efficiency (Brown-Brandl et al., 2006b, Eigenberg et al., 2005, Brown-
Brandl et al., 2005a); reproduction (Jordan, 2003); milk production, and milk quality are observed 
when an animal is under thermal stress (West, 2003, Rhoads et al., 2009).  
 
For animals, thermal stress is brought about by the displacement of an animals’ internal environment 
by an external stressor (Finch, 1984). Buffington et al. (1981) defined heat stress “any combination 
of environmental conditions that will cause the effective temperature of the environment to be higher 
than the temperature range of the animal’s thermoneutral zone.” Where the thermoneutral zone was 
defined by Ames (1980, pp 457)  as “the optimum thermal environment in which the animal enjoys 
optimum health and maximum productivity.” Furthermore Kadzere et al. (2002) describes the 
thermoneutral zone as the range of temperatures where heat production is minimal and rectal 
temperature remains normal. It has also been described as the zone of least thermoregulatory effort, 
or the range of ambient temperature (TA, °C) at which an animal must expend the least 
thermoregulatory effort to avoid shivering, sweating or panting (Hillman, 2009), and the region where 
there is minimal effect on productivity (Ames, 1980). The further an animal moves from the 
thermoneutral zone the greater the effect on production in that animal due to the need to partition 
resources away from production to maintain homeothermy. 
 
Heat stress occurs when an animal begins to take on heat from the environment, the external stressor, 
and it must adapt in order to maintain homeostasis (Finch, 1984). Heat load describes the process 
whereby an animal accumulates heat from the environment over a period of time. These events occur 
when environmental conditions rise above an animals’ thermoneutral zone and the animal must utilise 
energy for thermoregulation. If conditions do not abate, to within or below the animals’ thermoneutral 
zone at night, it is unable to lose the heat that it has acquired throughout the previous day (Hahn and 
Mader, 1997). Therefore the animal enters a period of accumulated heat load (AHL) and the animal 
enters the following day with excess heat (Gaughan et al., 2008b). 
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There are a number of thermal indices designed to describe the effect of climatic conditions on 
animals. The Temperature-Humidity Index (THI) is currently used to describe heat stress in dairy 
cows, however as the name suggests it only takes into account TA and a measure of the water content 
of the air at a particular point in time. Both thermal radiation and air movement play a large role in 
the heat loss/gain from an animal. It does not consider the heat loading effect of hot climatic 
conditions. The Heat Load Index (HLI) was developed by Gaughan et al. (2008b) for use in the 
feedlot industry. It combines the net effects of TA, relative humidity (RH, %), solar radiation (SR, 
W/m2), air movement (WS; m/s) and rainfall to determine the effect of heat load on animals.  
 
It was calculated that heat stress cost the US dairy industry $ 897 million annually (St-Pierre et al., 
2003). Climate change models suggest an increase in adverse climatic events, posing an increased 
risk to dairy production worldwide (Solomon et al., 2007). Furthermore the dairy industry is spreading 
to less traditional areas such as Asia (Reardon et al., 2009). The hot, humid climate of Asia may have 
a detrimental impact on cow performance, as heat load can be present almost all year long in sub-
tropical and tropical climates (Buffington et al., 1981). In many regions chronic exposure to heat load 
can be present during the summer season (Gaughan et al., 2013). As such there is a need to categorise 
the effect of heat load to develop an accurate and reliable predictor of heat load in dairy cows. The 
current index used over much of the dairy industry is the THI. Presently there is no index that 
describes heat load, and the associated production losses, in dairy cattle. 
 
2.2 Climatic Causes of Heat Load 
Heat load occurs when an animal gains more heat than it can dissipate to the environment (Gaughan 
et al., 2008b). This heat originates from the environment, metabolic processes and physical activity 
and accounts for the diurnal fluctuations in body temperature (Hahn, 1985). Heat stress, and 
subsequently heat load, occurs when the effective temperature exceeds an animals’ thermoneutral 
zone; and may be caused by any combination of environmental conditions (Buffington et al., 1981). 
Changes in weather patterns; such as a warm front, or an increase in solar load; may cause heat stress, 
whereas heat load becomes an issue when conditions promote heat stress over consecutive days when 
there is little or no cooling overnight (Brown-Brandl et al., 2006b). This type of event is referred to 
as a heat wave. 
 
Monteith (1974) stated that the environmental factors that govern heat loss from the homeotherm are 
TA, RH, WS and the distribution of radiant energy over the body surface. It has been observed that 
high TA, RH and SR coupled with low WS has the ability to exceed the stressor limits of animals and 
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lead to production losses, and potentially result in animal mortalities (Brown-Brandl et al., 2006b, 
Brown-Brandl et al., 2005a, Eigenberg et al., 2005, Vitali et al., 2015). This supports the notion that 
heat load is a dynamic issue for animals exposed to these climatic factors, such as dairy cows housed 
outside. 
 
2.2.1 Ambient Temperature  
Ambient temperature is the temperature of the air surrounding the animal. Ambient temperature 
follows a gradient, and so becomes a source of heat when it is higher than an animals’ internal body 
temperature (Silanikove, 2000) thus the animal becomes the heat sink. Once an animal becomes a 
heat sink, the only means of heat loss is via evaporation (Esmay, 1969). Kabuga and Sarpong (1991) 
investigated nine weather variables against milk yields from two different diets and concluded that 
TA was the only factor that negatively influenced milk yield. This suggests that TA has the potential 
to represent a large proportion of a model representing heat load in dairy cows. However caution must 
be exercised as TA on its own is somewhat arbitrary because of the role other climatic factors play in 
the thermal exchange mechanisms of animals. 
 
2.2.2 Relative Humidity  
Relative humidity, or vapour pressure, is a measure of the amount of moisture that is being held in 
the air. This directly affects the heat loss from animals via evaporation as air moisture moves along a 
gradient. The higher the RH the less room there is for moisture to evaporate from the surfaces of the 
animal (Curtis, 1983). Once the air becomes saturated, cows are not able to lose heat to the 
environment and thermal exchange is reduced (Esmay, 1969). This suggests that animals housed in 
more humid environments have a reduced ability to regulate body temperature, and mitigate 
production losses, than animals housed in less humid environments. Relative humidity has been 
described to decrease the threshold temperature of dairy cows at which cows reached intermediate 
heat stress. The threshold for intermediate heat stress was defined as the point at which environmental 
conditions caused respiratory heat loss to reach 50 % of its maximum value (Berman, 2005). 
 
2.2.3 Thermal Radiation  
Radiation comes in the form of SR from the sun (short wave) and as reflected radiation from external 
surfaces (long wave) such as buildings and terrain and other animals (Bond et al., 1967). This thermal 
radiation is often higher than that of the metabolic heat produced by the animal (Bond et al., 1967, 
Esmay, 1969, Brown-Brandl et al., 2005b). Short wave radiation is absorbed readily by dark coloured 
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animals as opposed to light or white animals, which reflect short wave radiation back to the 
environment (Robertshaw, 1985). Long wave radiation is absorbed equally by all animals, regardless 
of colour (Esmay, 1969). da Silva et al. (2010) indicated that cows on pasture can absorb 640 W/m2. 
Short-wave radiation accounts for 46.6 % (297.9 W/m2), where approximately 65 % of this 
accumulated radiation is associated with direct SR (da Silva et al., 2010). Furthermore the authors 
indicated that long wave radiation accounts for 53.4 % of the total radiation absorbed by the cow, 
which is predominantly reradiated from the ground surface. It has been affirmed that higher SR levels 
lead to more apparent shade seeking behaviours by cows (Gaughan et al., 1998, Tucker et al., 2008). 
Shade seeking was higher at SR levels > 21 MJ/m2, coupled with high RH (> 65 %) and low WS (≤ 
5 km/h), especially under solid roofed shelters (Gaughan et al., 1998). 
 
2.2.4 Wind Speed  
Convective heat loss via air movement is an effective means of heat loss, as both evaporative heat 
loss and non-evaporative heat transfer, is affected by the velocity of air movement (Esmay, 1969). 
Dry bulb temperature effects on cattle can be mitigated by air movement, with a WS of 2.2 to 4.5 
m/s, reducing production losses in dairy cattle (Thompson, 1974). Air movement is an important 
factor in removing heat from the air around an animal; that is it effects the rate of convective heat 
loss from the skin surface of the animal (Silanikove, 2000). Berman (2005) found that an increase in 
air movement led to an increase in the intermediate heat stress threshold temperature of dairy cows.  
 
Studies into the use of forced ventilation, or the combined effects of forced ventilation and wetting 
of animals, have been used in an attempt to cool production animals (Berman et al., 1985, Berman, 
2006, Avendaño-Reyes et al., 2006). Mader et al. (1999) conducted research into the provision of a 
wind barrier in feedlot cattle. Animals with no wind barrier displayed higher average daily weight 
gain and lower dry matter intake to average daily gain ratio (Mader et al., 1999). Given heat stress is 
known to depress dry matter intake (DMI) (Beede and Collier, 1986, Brown-Brandl et al., 2005a), 
this would indicate that animals were not as stressed when wind was not restricted to the pen. Air 
movement is a crucial part of convective heat loss from the surface of the animal and there are 
measureable flow-on effects on production (Robertshaw, 1985). Thus, it is evident that air movement 
is an important factor when considering heat load in cows housed in an outside environment. 
 
2.3 Mechanisms for Thermal Exchange  
The thermal environment influences animal performance through the net effects of heat energy 
exchanges between the animal and its surrounding environment, highlighted in Figure 2.1 below 
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(Hahn, 1985). Lactating dairy cows produce high levels of metabolic heat and accumulate additional 
heat from their thermal environment (West, 2003). As such, they require effective thermoregulatory 
mechanisms to maintain body temperature in the thermoneutral zone and to support physiological 
homeostasis (Kadzere et al., 2002). The body temperature of homeotherms remains fairly constant 
due to the balance that is maintained between heat production and heat loss (Figure 2.1), and failure 
to maintain homeothermy during hot climatic conditions may lead cattle to suffer from hyperthermia 
(Kadzere et al., 2002).  
 
 
Figure 2. 1: Thermal exchanges between an animal, with a body temperature of 39 °C, and its 
surrounds in a hot environment (adapted from (DeShazer et al., 2009, Hahn, 1985, Hahn, 1994) 
 
At low temperatures conduction, radiation and convection are the most effective means of heat loss 
(Kadzere et al., 2002), often referred to as sensible heat loss. However once TA increases evaporative 
heat loss becomes the most effective method of heat loss and is referred to as latent heat loss (Esmay, 
1969). Berman et al. (1985) identified that non-evaporative heat loss was most effective below and 
animals lower critical temperature where the temperature gradient was in the animals favour. 
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However thermal exchange is also influenced by animal factors and the animal’s surroundings (Hahn, 
1985). The interactions between heat transfer and some of the animal, housing and climatic factors 
are presented in Table 2.1. There are numerous other factors that influence thermal exchange such as 
tissue insulation; vasodilation, particularly under the skin; and postural position (Hahn, 1985). 
Thermal exchange occurs via various thermal exchange mechanisms. These mechanisms include 
conduction, convection, evaporation and radiation (Kadzere et al., 2002, DeShazer et al., 2009). 
 
Table 2. 1: Factors Influencing Thermal Exchange from an Animal  
Factor 
Mode of Heat Exchange 
Radiation Convection Conduction Evaporation 
Surface area of animal  Xa X Xb Xc 
Temp. of animal surface X X X Xd 
Temp. of surroundings X  Xe  
Temp. of air  X  X 
Velocity of air  X  X 
Vapour pressure of air    X 
Shape factor of radiation source 
or sink 
X    
Emissivity of animal surface X    
Conductivity of surroundings   Xe  
Emissivity of surroundings  X    
a The area of the animal directly exposed to the radiation source or sink  
b For animals standing, conduction heat transfer is negligible; for animals lying down the area of the animal surface in 
contact with the supporting structure becomes a factor 
c The wetted area of the animal, including respiratory passages 
d The temperature of the animal surface is an indirect factor, since vapour pressure is a function of temperature  
e Only that portion of the surroundings actually in contact with the animal  
(Adapted from Hahn, 1985, pp 160) 
 
2.3.1 Conduction 
When two bodies come into direct contact, the exchange of heat from one object to the other is known 
as conduction (Kadzere et al., 2002, Gebremedhin, 1985). In livestock, this exchange occurs between 
the animal and the surrounding environment; air and other media that the animal may come into 
contact with (Kadzere et al., 2002). The surface area of the animal in contact with the other part of 
the environment also plays a role in how much heat is transferred. For example, an animal that is 
standing presumably has four small points of contact with the standing surface; whereas an animal 
that is lying down has a larger area of their body in contact with the same surface. Thus the animal 
that is lying will transfer more heat to the environment, or vice versa, than the animal that is standing. 
Both animals will also be losing heat to the air, however air has a low thermal conductivity and as 
such heat lost via conduction is minimal (Yousef, 1985). 
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2.3.2 Convection  
Convective heat loss occurs in two forms i) free and ii) forced. Free convective heat loss occurs when 
cool air contacts the layer of warm air around the body, making the warm air rise and taking the heat 
away with it (Kadzere et al., 2002, Gebremedhin, 1985). Forced convective heat loss refers to 
increased air movements and can be due to natural winds or artificial air movement, e.g. fans 
(Berman, 2008). Berman (2008) indicated that forced ventilation is principally effective when TA is 
in the lower range during heat load conditions. However if the TA is warmer that the air surrounding 
the body, heat transfer will occur from the environment to the body due to the temperature gradient 
(Kadzere et al., 2002). 
 
2.3.3 Evaporation  
Evaporative heat loss is most efficient when an animal is housed in hot, dry conditions (Kadzere et 
al., 2002). Furthermore, when TA is equal to rectal temperature evaporative heat loss is essential if an 
animal is to dissipate heat to the surrounding environment (Taylor et al., 1969). McLean (1963) 
observed that of the methods of evaporative heat loss employed by Ayrshire bull calves, being panting 
and sweating; sweating was vastly superior to panting in its ability to dissipate heat. However, 
evaporative heat loss is most efficient when coupled with convection as discovered by Ittner et al. 
(1951). It was determined that increasing the velocity of air passing over pigs and cattle that both skin 
surface temperature and body temperature would both be reduced during periods of high TA (Ittner et 
al., 1951). When an animal is under heat load, 15 % of the heat lost is via evaporation from the 
respiratory tract (McDowell et al., 1976). When TA is equivalent to the body temperature, evaporative 
heat loss becomes the primary method of heat dissipation (Esmay, 1969). 
 
2.3.4 Radiation  
Radiant thermal exchange occurs via electromagnetic waves from the sun and surrounding structures 
(Robertshaw, 1985). Radiation comes in two forms (i) short wave (from the sun) and (ii) long wave 
(from the earth or terrestrial structures) (DeShazer et al., 2009). The degree of radiation absorbed by 
an animal is influenced by numerous animal factors, primarily coat characteristics, i.e. colour, follicle 
characteristics and texture (Silanikove, 2000).  
 
2.4 Climatic Indices 
Climatic indices have been used to predict the level of heat stress that an animal, or person, is under 
and are employed as both research and management tools for animals (Brown-Brandl et al., 2005a). 
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Early indices used a combination of TA and water vapour, as RH, dew point temperature (°C) or wet 
bulb temperature (°C). Numerous indices have been developed; the Discomfort Index, developed for 
people (Thom, 1959), which was simply a THI that was later developed for use with animals; the 
Black Globe Humidity Index (Buffington et al., 1981); the HLI (Gaughan et al., 2008b); 
Comprehensive Climate Index (Mader et al., 2010b); and the Index of Thermal Stress for Cows (da 
Silva et al., 2015).  
 
The THI does not account for the heat loading effect of hot climatic conditions on animals as well as 
natural cooling. These are both important factors when attempting to account for the effect of hot 
conditions on animals (Gaughan et al., 2008b). A heat loading index was developed by St-Pierre et 
al. (2003) based on the THI. The model calculates the amount of time that animals are subjected to 
heat load by using minimum, maximum and threshold THI (St-Pierre et al., 2003). The authors 
identified the THI threshold for a number of animal classes including dairy cattle (cows and heifers), 
beef cattle (cows and finishing cattle), pigs (sows and finishing hogs) and poultry (layers, broiler 
chickens and broiler turkeys) (St-Pierre et al., 2003). A similar model was developed by Hahn and 
Mader (1997) to explain the impact of intensity and duration on thermal stress. Although both models 
look at a heat loading effect during thermal stress; neither of them utilise the important factors of WS 
and/or SR (Gaughan et al., 2008b). 
 
Berman (2005) concluded that, due to the large variation in environmental and animal factors, thermal 
balance-based, or adjusted, indices are justified compared to thermal indices such as the THI. This 
allows for more accurate estimates of threshold temperatures and thus the point at which heat stress 
relief needs required. The HLI contains correction factors for different animal and management 
factors, thus has been able to more accurately describe heat load in beef cattle (Gaughan et al., 2008b). 
Many of these indices use real time climatic variables to give an arbitrary figure to estimate heat 
stress. Few indices have accounted for AHL, which is described as the heat loading from the previous 
day retained in an animals’ body due to insufficient night time cooling (Hahn and Mader, 1997, 
Gaughan et al., 2008b). To date, no thermal model exists that takes into account environmental, 
animal and management factors, or AHL as applicable to lactating dairy cows. Furthermore it is 
difficult to define the exact combination of environmental conditions where heat load begins to have 
a negative impact as it is challenging to describe the effects on individuals based on breed, sex, age, 
stage of lactation, stage of gestation, and previous climatic exposures. 
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2.4.1 Temperature Humidity Index 
The THI, in its various forms, utilises  TA and either wet bulb temperature (°C), dew point temperature 
(°C) or RH (Bohmanova et al., 2007, Buffington et al., 1981). The THI value is used to denote the 
level of thermal stress imposed at a particular point in time (Bohmanova et al., 2007). The earliest 
THI was the Discomfort Index (Thom, 1958, Thom, 1959); which can be described in the following 
two linear equations as cited by Thom (1958); 
 
1. Discomfort Index = 0.4 (td + tw) + 15 
2. Discomfort Index = 0.55t + 0.2tdp + 17.5 
 
Where td is Dry bulb temperature, tw is Wet bulb temperature, and tdp is Dew point temperature. It should be noted 
that all t values in these equations are in degrees F and that they are from simultaneous readings (Thom, 1958). 
  
The discomfort index described by Thom (1959) was further developed as a Livestock Weather 
Safety Index (Figure 2.2) to forecast and prevent heat stress related production losses (Bohmanova et 
al., 2007, LCI, 1970). The THI produces a unit value that can be associated with Livestock Weather 
Safety Index stress categories. The stress thresholds are;  
 ≤ 74 no stress, indicating thermoneutral conditions;  
 75 to 78 alert, mild to moderate stress;  
 79 to 83 danger moderate to severe stress; and 
 ≥ 84, emergency, extreme stress where deaths due to excessive heat load may occur  
Emergency stress category is indicative of extreme stress and mortalities may occur due to excessive 
heat load (Vitali et al., 2015), unless abatement strategies are implemented (Hahn et al., 2009).  
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Figure 2. 2: Temperature Humidity Index (THI) values based on Temperature Humidity Index 
equation by (Thom, 1959) showing the United States of America’s Livestock Weather Safety 
Index categories (Adapted from (LCI, 1970) and (Hahn et al., 2009)) 
 
Dikmen and Hansen (2009) outlined a number of indices based on TA and air moisture that have been 
developed over the years. They attempted to outline the value of these models as predictors of rectal 
temperature in Holstein cows. It was concluded that TA alone was nearly as good an indicator of rectal 
temperature as any of the tested THI equations (Dikmen and Hansen, 2009). However the research 
was conducted on cows housed in freestall barns equipped with fans and sprinklers. Ambient 
temperature on its own has been described as somewhat arbitrary, as other climatic factors influence 
how an animal responds to the thermal environment (Gaughan et al., 2013). It is well known that TA, 
RH, SR, WS and rainfall all influence thermal exchange in cattle (Bond et al., 1967, Blackshaw and 
Blackshaw, 1994, Brown-Brandl et al., 2006b). As such it is important to consider that the outcome 
from Dikmen and Hansen (2009) may be different to animals housed in an outside environment, with 
limited cooling relief strategies.  
 
The THI is a useful predictor of heat stress for animals housed in a controlled environment, but one 
of the criticisms of the THI is that it does not account for air movement or SR. This renders the THI 
model somewhat flawed as a predictive model of heat stress in animals housed in an outside 
environment, such as the dairy industry in Australia. Much of the research into heat stress in livestock 
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has employed the THI, using TA and RH as the focal point due to the ease of obtaining this information 
from local meteorological stations (Bohmanova et al., 2007). It is limited, however, in that it does not 
account for SR or WS (Gaughan et al., 2008b); which are both known to be key drivers of the thermal 
exchange mechanisms. 
 
2.4.2 Black Globe Temperature Humidity Index  
The Black Globe-Humidity Index was developed by (Buffington et al., 1981) in an attempt to remedy 
the shortcomings of the THI by accounting for SR and air movement. The Black Globe-Humidity 
Index uses dry-bulb temperature (°C), RH, net radiation and air movement to assign a single value to 
animal comfort and performance (Buffington et al., 1981). The Black Globe-Humidity Index can be 
calculated using the following equation; 
 
Black Globe-Humidity Index = BGT + 0.36tdp + 41.5 
 
Where TBG is the black globe temperature (°C), and tdp is the dew point temperature (°C). 
 
Buffington et al. (1981) compared the Black Globe-Humidity Index and THI as a describer of cow 
comfort in shaded and un-shaded Holstein dairy cows. There were no discernible differences found 
in the shaded locations (P > 0.05), however Buffington et al. (1981) and Souza et al. (2010) both 
highlighted that Black Globe-Humidity Index was considerably different between shaded and un-
shaded areas (P < 0.05: Figure 2.3). This outcome is expected as the Black Globe-Humidity Index is 
a function of black globe and dewpoint temperatures (Buffington et al., 1981), where black globe 
temperature is a function of SR (Hahn et al., 2009). Thus it is not surprising that the Black Globe-
Humidity Index was higher in un-shaded areas as described by Buffington et al. (1981) and Souza et 
al. (2010). This outlines the importance of SR as a driver of heat load, and also highlights that the 
lack of solar load in the THI equation is a major shortcoming when used as a measure of heat load, 
when animals are housed in an outside environment. 
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Figure 2. 3: Changes in the Black Globe Humidity Index over time (h) based on shade provision 
by eucalyptus trees with heights of 8 m, 18 m and 28 m (Adapted from Souza et al. (2010)) 
a,b,c means with similar small superscript letters within the same column are not significantly different (P ≥ 0.05) 
 
2.4.3 Comprehensive Climate Index 
The Comprehensive Climate Index is a climate model designed to describe the apparent temperature 
of climatic conditions over a wide range of environmental conditions. Previous indices are able to 
correct TA for the effects of RH and/or WS, however there is no model that allows for the correction 
of TA for RH, WS and SR over a hot and cold environment (Mader et al., 2010b). The resulting index 
is designed for use in research involving the measurement of biological responses to climatic 
conditions, as well as for use in animal management and where weather dependent decision making 
processes are required. The equations developed are comprehensive, and were designed from 
conditions ranging from -30 °C to 45 °C (Mader et al., 2010b). The Comprehensive Climate Index 
can be calculated as follows; 
𝐶𝐶𝐼 = 𝑇𝐴 + 𝐸𝑞. [1] + 𝐸𝑞. [2] + 𝐸𝑞. [3] 
Where;  
 
Equation [1] relative humidity correction factor; 
  
=  𝑒(0.00182×𝑅𝐻+1.8×10
−5×𝑇𝑎×𝑅𝐻)  × (0.000054 ×  𝑇𝐴
2 + 0.00192 × 𝑇𝐴 − 0.0246 × (𝑅𝐻 − 30) 
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Equation [2] wind speed correction factor; 
 
=  [
−6.56
𝑒 {
1
(2.26 × 𝑊𝑆 + 0.23)0.45×〈2.9+1.14×10−6×𝑊𝑆2.5−𝐿𝑂𝐺0.3(2.26×𝑊𝑆+0.33)−2〉
}
] − 0.00566 ×  𝑊𝑆2 + 3.33 
 
 
Equation [3] solar radiation correction factor; 
 
0.0076 × 𝑅𝐴𝐷 − 0.00002 × 𝑅𝐴𝐷 × 𝑇𝐴 + 0.00005 × 𝑇𝐴
2 × √𝑅𝐴𝐷 + 0.1 × 𝑇𝑎 − 2 
 
Where e = natural log; RH = relative humidity (%); TA = ambient temperature (°C); WS = wind speed (m/s); and 
RAD = solar radiation (W/m2) 
 
The Comprehensive Climate Index was determined to be a good indicator of production losses and 
somatic cell scores under heat stress conditions in a temperate climate (Hammami et al., 2013). 
However, the authors highlighted the complexity of the index as a possible constraint in the 
development of phenotypic and genetic tools in heat stress management and adaptation (Hammami 
et al., 2013). 
 
2.4.4 Heat Load Index  
The HLI was developed for the feedlot industry to account for the effect of all environmental 
conditions (TA, RH, SR, BGT and rainfall) on heat load in feedlot cattle. Panting scores (Table 2.3) 
were collected across 13 feedlots (9 in Australia, 3 in the US) to find a relationship between 
environmental conditions and heat load. The panting score system was used as it is an easy system 
that identifies heat stressed animals (Brown-Brandl et al., 2006a, Mader et al., 2006, Gaughan et al., 
2008b). Panting scores were used to develop the HLI thresholds for different breeds of feedlot cattle. 
The threshold level for un-shaded Black Angus steers (Bos taurus) is 86; whereas Brahman (Bos 
indicus) become stressed when the HLI reaches 96. In the development of the HLI model, thresholds 
and adjustments were identified, allowing for numerous animal factors and management strategies to 
be incorporated within the model (Table 2.2). 
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Table 2. 2: Animal (genotype, coat colour, health status, acclimatisation) and management 
(access to shade, days on feed, manure management and drinking water temperature) 
adjustments (+ and -) to the Heat Load Index (HLI) threshold (86) of the reference steer 
(healthy, un-shaded Angus, 100 days on feed)  
Item Relative effect on upper HLI threshold of the 
reference steer (HLI = 86) 
Genotype
1 
Bos taurus (British) 
Bos taurus (European) 
Wagyu 
Bos indicus (25%) 
Bos indicus (50%) 
Bos indicus (75%) 
Bos indicus (100%) 
Coat Colour
1
 
Black 
Red 
White 
Health Status 
Healthy 
Exhibiting Illness/ Recovering 
Acclimatisation 
Acclimated 
Not Acclimated 
Shade
3
 
No Shade 
Shade (>1.5 – 2.0 m2/animal) 
Shade (>2.0 – 3.0 m2/animal) 
Shade (>3.0 m2/animal) 
Days on Feed
4
 
0 – 80 days 
80 – 130 days 
130 + days 
Manure Management (maximum depth)
5
 
Manure pack – 50 mm 
Manure pack – 100 mm 
Manure pack – 200 mm 
Drinking Water Temperature
6
 
15 – 20 °C 
21 – 30 °C 
31 – 35 °C 
> 35 °C 
 
02 
+ 3 (i.e. 86 + 3) 
+4 
+4 
+7 
+8 
+10 
 
0 
+1 
+3 
 
0 
-5 
 
0 
-5 
 
0 
+3 
+5 
+7 
 
+2 
0 
-3 
 
0 
-4 
-8 
 
+1 
0 
-1 
-2 
1Not all cattle were assessed within each threshold trait. For example coat colour was assessed only in Bos taurus cattle, 
manure management was assessed at 5 feedlots and drinking water temperature was assessed on 3 feedlots.  
2The values for the reference steer are presented as 0 (i.e. no change from the threshold of 86). 
3For shade that provides 70% block out (includes shade cloth and also steel structure with gaps in the roof). Un-shaded 
Bos indicus cattle >25% not included. 
4Not all cattle were assessed for this trait. Wagyu cattle excluded from 130 + days. 
5Mean depth over 54 days. 
6Only un-shaded Angus cattle were assessed for this trait. 
(Adapted from Gaughan et al. 2008b, page 230) 
 
The HLI is developed in such a way that it provides real time heat load values, much the same as the 
THI, however it has the added advantage that it is able to supply the AHL that animals are under due 
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to previous climatic conditions. The ability to provide this data is invaluable to producers and 
managers. The HLI uses two separate equations; one for when the black globe temperature is greater 
than 25°C, and one for when it is less than 25°C (Gaughan et al., 2008b). Incorporating the net effects 
of RH, WS and BGT, the HLI can be calculated using the following equations; 
 
i) A nonlinear regression which applies when BGT is greater than 25 °C  
 
HLIBGT>25 = 8.62 + (0.38 × RH) + (1.55 × BGT) – (0.5 × WS) + [e2.4-WS] 
 
ii) A linear model which applies when BGT falls below 25 °C; 
 
HLIBGT<25 = 10.66 + (0.28 × RH) + (1.3 × BGT) – WS 
 
Where RH = relative humidity (%); BGT = Black Globe Temperature (°C); WS = wind speed (m/s); and e = the 
base of the natural logarithm (approximate value of e = 2.71828) 
 
Gaughan et al. (2008b) found in their study that tympanic temperature and the average HLI for the 
previous 24 hours had a moderate relationship (R² = 0.67, P < 0.001), which was better than the THI 
(R² = 0.26, P < 0.001) indicating that the HLI is a better predictor of heat load than the THI.  
 
2.4.5 Accumulated Heat Load  
Cattle are able to accumulate heat energy throughout the day, influencing the variability of core body 
temperature, and dissipate the AHL at night if conditions permit (Gaughan et al., 2008b, Hahn, 1999, 
Mader and Davis, 2004). In conjunction with the development of the HLI model Gaughan et al. 
(2008b) established the AHL model, describing the thermal balance of an animal exposed to climatic 
conditions outside the animals comfort zone; and may be calculated using the following equations; 
 
i) If [HLIACC < HLILower Threshold, (HLIACC – HLILower Threshold)/M]; and 
 
ii) If [HLIACC > HLIUpper Threshold, (HLIACC – HLIUpper Threshold)/M, 0] 
 
Where HLIACC = the actual HLI value at a point in time; HLILower Threshold = the HLI lower threshold where cattle will 
dissipate heat (e.g. 77); HLIUpper Threshold = the HLI upper threshold where cattle will gain heat (e.g. 86); and M = number 
of measures per hour, i.e. number of times HLI data are collected per hour; If every 10 min, then M = 6 (Gaughan et al., 
2008b). 
 
2.4.6 Index of Thermal Stress for Cattle 
The Index of Thermal Stress for Cattle was developed in Brazil for use in inter-tropical regions, and 
particularly arid ones (da Silva et al., 2015). This index utilises TA, WS, air partial vapour pressure 
and effective radiant heat load to determine thermal stress on cattle. da Silva et al. (2015) found 
significant relationships (P < 0.01) between the Index for Thermal Stress for Cattle and rectal 
temperature, respiratory rate, convective heat loss, skin surface temperature, radiation heat gain, as 
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well as respiratory evaporation (P < 0.05). The same responses were correlated to the CCI, HLI and 
BGHI. The Comprehensive Climate Index lacked a significant relationship with radiation heat gain 
(P > 0.05); and the HLI with respiratory evaporation (P > 0.05) (da Silva et al., 2015). This highlights 
some potential areas of improvement in these other indices to improve the accuracy of the prediction 
of thermal comfort in animals.  
 
2.5 Animal Factors Influencing Heat Load  
The response of cows to heat load are variable, as they are the result of a number of individual 
characteristics including genotype, coat characteristics, health and production characteristics. The 
impact of hot climatic conditions will also be influenced by stage of lactation, and number of 
lactations. Vulnerable animals have been described as those with black or dark coats (and skin); 
compromised immune systems, including current disease status and lifetime history of disease 
(Brown-Brandl et al., 2006a). Therefore no two animals will respond to hot climatic conditions in the 
same manner.  
 
2.5.1 Breed Differences  
Different breeds of cattle have been reported to be more tolerant to heat than others. It is widely 
accepted that Bos indicus breeds have a greater heat tolerance compared to Bos taurus. Gaughan et 
al. (2010b) indicated that the identification of heat tolerant cattle is not a new concept, as many breeds 
are recognised for their thermal tolerance, i.e. Brown Swiss, Jersey and Australian Milking Zebu 
(Srikandakumar and Johnson, 2004, Correa-Calderon et al., 2004). In many cases heat tolerance 
comes at the cost of growth and reproduction when compared to non-heat tolerant counterparts 
(Gaughan et al., 2010b). Correa-Calderon et al. (2004) reported that Brown Swiss cows had rectal 
temperatures that were 0.5 °C lower than Holstein Friesian cows (Correa-Calderon et al., 2004). 
Dikmen et al. (2009) indicated that thermotolerance was increased in Holstein × Jersey crossbreds 
when compared to their purebred counterparts, based on the regulation of vaginal temperature (TVAG; 
ºC). There is some evidence that heterosis may provide an increased heat tolerance. Additionally the 
impact of heterosis may extend to milk yield; fat and protein composition; disease risk; and 
reproductive performance (Sørensen et al., 2008).  
 
2.5.2 Coat Characteristics  
Coat characteristics influence the accumulation and dissipation of heat from the body, (Gebremedhin 
and Wu, 2002), as the characteristics of the coat determine the absorption of SR. The absorbance 
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properties, more so the reflection and absorption characteristics of the coat, has an effect on the 
balance of radiant heat exchange mechanisms (Blackshaw and Blackshaw, 1994). This is of particular 
importance as the absorption of SR can potentially outweigh heat produced by metabolic processes 
(Gebremedhin et al., 2011, Brown-Brandl et al., 2005a).  
 
Coat colour for many breeds of livestock has been considered as an aesthetic trait and many breeds 
are defined using characteristic colour patterns as trademarks for that particular breed (Becerril et al., 
1993). Coat colour has previously been accepted to be of little importance in terms of production and 
reproduction in dairy cows (Becerril et al., 1993). However cattle with black coats have been reported 
to have higher body surface temperatures, respiration rates and panting scores when compared with 
animals that have white or lighter coloured coats (Brown-Brandl et al., 2006b, Gebremedhin et al., 
2011, King et al., 1988). Gaughan et al. (1998) reported that predominantly white coloured dairy 
cattle did not actively seek shade during hot conditions. Therefore it is likely that coat colour will 
have an influence on the heat tolerance of lactating dairy cows.  
 
2.5.3 Health Status 
Animal health is a significant factor for all livestock production enterprises as animals in poor health 
do not perform to their genetic potential. Therefore the health of animals in production enterprises is 
essential to the economic viability of the enterprise. The environment has a direct influence on the 
productivity, health and survival of dairy cows (Collier et al., 1982). An increase in nutrient 
deficiencies; respiratory alkalosis; ketosis; and ruminal acidosis are associated with heat load 
conditions (Kadzere et al., 2002). Morse et al. (1988) and (Howell et al., 1964) concluded that the 
frequency and incidence of clinical mastitis increased with an increase in ambient conditions. Animal 
health is also likely to be impacted by disease causing agents, including vectors and parasites that 
flourish during summer when the conditions are hot and humid (Kadzere et al., 2002). 
 
2.6 Animal Responses to Heat Load 
Production animal species are often exposed to numerous stressors simultaneously, in natural and 
manmade environments (Gaughan et al., 2013). A schematic representation (Figure 2.3) of the effect 
of environmental stressors and the response mechanisms of animals, can be viewed in Figure 2.3 
(Hahn, 1999). An animals response to thermal stress can be summarised in three areas i) 
physiological; ii) behavioural; and iii) haematological (DeShazer et al., 2009). Dairy cattle may suffer 
from chronic, lasting from a few weeks to months, or acute heat load, lasting a few minutes to a few 
days, i.e. heat wave events (Gaughan et al., 2013). It is not uncommon for cows to be exposed to a 
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number of low level stressors including non-heat stressors such as variations in nutrition and housing 
management, in addition to heat load (Gaughan et al., 2013). How an animal responds to the thermal 
environment is the result of both acute and chronic exposure (Hahn and Mader, 1997).  
 
 
Figure 2. 4: A schematic representation the effect of environmental stressors and animal 
responses that can disrupt normal function and impair animal performance and welfare 
(adapted from (Hahn, 1999))  
 
As heat load conditions persist, animal observations can provide valuable insight into i) the severity 
of heat load that the animal is experiencing and ii) how the animal is coping with the heat load. Young 
and Hall (1993) identified the responses of cattle to heat load;  
1. Alignment of the body with the sun; reduce exposure to SR 
2. Shade seeking  
3. Refusal to lie down  
4. Reduction in DMI 
5. Crowding at water troughs 
6. Body splashing  
7. Agitation and restlessness 
8. Reduced or stopped rumination 
9. Grouping together, i.e. seeking shade from pen mates 
10. Open mouthed breathing/panting  
11. Excessive salivation 
12. Ataxia, i.e. an inability to move 
13. Collapse; convulsions; coma; 
14. Death  
Young and Hall (1993) indicated that up until the onset of open mouth breathing/panting cattle are 
able to tolerate heat load. However the observation of laboured open mouthed breathing/panting is 
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indicative of an animal not coping with heat load (Brown-Brandl et al., 2006a). If conditions persist 
and there are insufficient cooling opportunities to allow the animal to dissipate body heat, death of 
the animal may result (Vitali et al., 2015). This suggests that an animal’s inability to cope with heat 
load, may be expressed prior to the onset of open mouthed breathing.  
 
2.6.1 Physiological Responses to Heat Load  
As animals experience heat load, they must utilise energy to dissipate excess heat in order to maintain 
homeostasis (Ravagnolo and Misztal, 2002, Kadzere et al., 2002). However this also has a negative 
impact as the utilisation of energy to maintain homeostasis increases the overall energy requirements 
of the animal. The NRC (1981), suggest that a slight increase in respiration rate, increases energy 
expenditure by approximately 7 %, whilst a substantial increase in respiration rate may increase 
energy expenditure by 11 to 25 % (NRC, 1981). The increase in energy requirements can be further 
confounded by the ineffective thermoregulatory mechanisms as heat accumulation is often greater 
than heat dissipation during heat load (Bertipaglia et al., 2007). Combined, these factors result in an 
increase in body temperature which consequently influences other physiological functions, having a 
negative influence on the performance and welfare of the animal (Ravagnolo and Misztal, 2002).  
 
2.6.1.1 Respiration Rate  
Increasing respiration rate (breaths/minute) is a method employed by animals attempting to reduce 
heat load by increasing evaporative heat loss. Early work by Seath and Miller (1946) outlined the 
relationship with respiration rate and TA in two subsequent years (1944 and 1945). It was noted that 
an upward shift in TA led to a rise in respiration rate (r = 0.748 in 1944; r = 0.353 in 1945) (Seath and 
Miller, 1946). The results for the two consecutive years are quite different, indicating that there are 
other factors that have a varied impact on respiration rate. Seath and Miller (1946) reported that RH 
values were higher in 1945 as compared 1944, where TA remained relatively constant. These results 
may indicate that evaporative heat loss would be more challenging in 1945 due to the already 
increased volume of moisture in the air, thus making evaporative heat loss less effective and 
potentially explaining the cause for higher respiration rates that year. 
 
Respiration rate has been identified as a reliable indicator of the thermal status in feedlot cattle 
(Gaughan, 2002), as it increases with increasing TA (Brown-Brandl et al., 2005a, Mundia and 
Yamamoto, 1997). Brown-Brandl et al. (1998) concluded that respiration rate increased exponentially 
at temperatures above 18 °C in swine. In horses it has been suggested that respiration rate increases 
when TA is above 20 °C (Morgan, 1997). Time lags of one to two hours have been described between 
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respiration rate and a rise in TA (Gaughan, 2002). Respiration rate may also increase further after TA 
began to decrease (Gaughan, 2002). It is important to consider that when TA is equal to body 
temperature, heat loss via evaporation becomes the predominant method of heat dissipation (Esmay, 
1969). At 32 °C evaporative heat loss accounts for 85 % of an animals’ total heat loss (Avendaño-
Reyes et al., 2010), therefore as TA increases the cow becomes more reliant on respiration rate for 
heat dissipation. 
 
2.6.1.2 Panting Score  
Panting allows for a visual assessment of the stress level of cattle (Young and Hall, 1993). It is a more 
favourable system than respiration rate in that it offers a quick assessment of thermal stress without 
the need to count for a specified period of time (Brown-Brandl et al., 2006b, Mader et al., 2006, 
Gaughan et al., 2008b, Gaughan and Mader, 2014). Therefore panting score is not a measure of 
respiration rate, although numerous authors have acknowledged panting score as a good indicator of 
heat load in feedlot cattle (Brown-Brandl et al., 2006b, Mader et al., 2006, Gaughan et al., 2008b, 
Gaughan and Mader, 2014). Gaughan et al. (2008b) used panting scores as a factor in determining 
heat load thresholds for feedlot cattle. The panting score system (Table 2.3) was modified from Mader 
et al. (2006). The panting score system described by Mader et al. (2006) may not be sensitive enough 
for dairy cows, as they are possibly more affected by heat load than beef cattle due to the metabolic 
heat associated with milk synthesis (TapkI and Sahin, 2006). 
 
Table 2. 3: Assessment of Panting Score (PS), description of breathing/panting condition and 
associated respiration rate (RR; breaths per minute) 
PS Breathing Condition RR 
0 No panting ≤ 60 
1 
Slight panting, mouth closed, no drool, easy to see 
chest movement 
60 – 90 
2 Fast panting, drool present, no open mouth 90 – 120 
2.5 
As for 2, but occasional open mouth panting, tongue 
not extended 
90 – 120 
3 
Open mouth and excessive drooling, neck extended, 
head 
120 – 150 
3.5 
As for 3, but with tongue out slightly and occasionally 
fully extended for short periods 
120 – 150 
4 
Open mouth with tongue fully extended for prolonged 
periods with excessive drooling. Neck extended and 
head up 
≥ 160 
4.5 
As for 4, but head held down. Cattle “breath” from 
flank. Drooling may cease. 
Variable  
RR may decrease 
Adapted from Brown-Brandl et al. (2006b), Mader et al. (2006) and (Gaughan et al., 2008b) 
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2.6.1.3 Body Temperature  
Body temperature is considered as a good measure of heat stress. Stress is indicated by a shift away 
from core body temperature (Brown-Brandl et al., 2003). However body temperature is not constant, 
being prone to diurnal variations due to fluctuations in the equilibrium between heat energy produced 
through metabolic processes and heat energy dissipated to the environment (Legates et al., 1991). 
Thus when an animal gains heat from the environment the equilibrium shifts to a higher temperature 
outside the “normal” range. 
 
Cattle have the ability to isolate their body temperature from the thermal environment during 
moderate conditions (THI < 72) (Verwoerd et al., 2006). However when conditions are above THI 
72, the thermal environment begins to impact on the cows ability to regulate thermal exchange 
mechanisms, thus increasing body temperature (Verwoerd et al., 2006). This suggests that cattle are 
able to isolate their body temperature from the thermal environment during moderate temperatures, 
however when conditions become hot cattle are no longer able to cope with increasing ambient 
conditions. Spiers et al. (2004) concluded that a shift of body temperature above 39 °C was required 
to alter feed intake and milk production. High production cows are more at risk than moderate and 
low production animals. High production cows (31.6 kg milk/day) produce more metabolic heat, due 
to milk synthesis, than lower producing cows (18.5 kg milk/day), and generate 10% more heat than 
the low producing cows (TapkI and Sahin, 2006). 
 
2.6.1.4 Sweating  
There are two forms of sweating in cattle (Kadzere et al., 2002); i) insensible sweating, or 
perspiration, occurs constantly, regardless of temperature, unless RH reaches 100 %; and ii) thermal 
sweating which occurs as a result of a rise in the TA. Thermal sweating is the primary form evaporative 
heat loss when TA rises (Kadzere et al., 2002). As environmental temperatures increase and the 
temperature gradient between the animal and the environment decreases, the majority of heat loss 
occurs through sweating (Kadzere et al., 2002, Taylor et al., 1969). Evaporation from the skin of 
cattle housed in hot environments increases by 177 %, which is mostly associated with an increase in 
sweating (McDowell and Weldy, 1967). Mader et al. (2010a) indicated that as TA approaches body 
temperature, sweating becomes a key physiological mechanism for heat dissipation. There may also 
be breed influences on the sweating rate of cows. Gebremedhin et al. (2008) concluded that Jersey 
cows have a reduced sweating capacity (189 ± 84.6 g/m2/h) when compared with black (414 ± 158.7 
g/m2/h) or white (281 ± 119.4 g/m2/h) Holstein cows. Furthermore the authors contributed the 
difference in sweating rates between black and white was due to the higher absorption characteristics 
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of black hair (Gebremedhin et al., 2008). However the authors found no statistical differences when 
comparing the sweating rate of white coated Holstein cows (281 ± 119.4 g/m2/h) with Charolais cattle 
(271 ± 36.4 g/m2/h), suggesting that coat colouration predominantly influences sweating rate rather 
than breed.  
 
2.6.1.5 Dry Matter Intake  
Heat production shows a positive relationship with feed intake in ruminants. Metabolic heat produced 
during microbial fermentation (Beatty et al., 2008), accounts for 3 to 8 % of the total heat production 
by the cow (Czerkawski, 1980). As ambient conditions rise, DMI decreases, thus reducing heat 
production (Brown-Brandl et al., 2003). Brown-Brandl et al. (2003) found that metabolic heat 
production was lower in steers housed at 30 ± 7 °C (P = 0.006) and 34 ± 7 °C (P = 0.0001) when 
compared to the same steers housed at 18 ± 7 °C. It has been shown that heat production is closely 
associated with feeding time (Brown-Brandl et al., 2003).  
 
Dry Matter Intake declines in lactating dairy cows subjected to continuous heat stress conditions, 
when TA is between 25 °C and 27 °C, however feed intake decreases markedly when TA exceeds 30 
°C (NRC, 1981). A study of performance of first lactation cows reported higher feed intakes in winter 
as opposed to summer (McDowell et al., 1976). McDowell et al. (1976) proposed that this was due 
to cold conditions stimulating increased appetence of cows, and that the lower intakes during summer 
were due to the suppression of appetite as influenced by hot conditions. The TA where DMI begins 
to decline is influenced by diet type and composition (Beede and Collier, 1986). Additionally cows 
adjust their DMI based on numerous factors, including ambient conditions and previous feed intake 
and may also be influenced by a lag effect (Brown-Brandl et al., 2005a). Dry matter intake can also 
be influenced by genotype, production status and health status. Baumgard and Rhoads (2012) 
highlight that this reduction in DMI may be a survival strategy implemented by animals, particularly 
ruminants, whose digestive processes produce a large amount of heat. 
 
2.6.1.6 Water Intake  
Water is available to animals in three forms; free drinking water, water in feed, and water produced 
via oxidation of organic compounds or metabolic water (NRC, 1981). Water requirements of cattle 
are influenced by ambient conditions; diet type; breed (genotype); weight; and physiological 
functions, (Arias and Mader, 2011). Daily water intake is also influenced by a number of body 
functions, including the regulations of core body temperature; growth and development; lactation and 
reproductive functions; digestion and metabolism; and hydrolysis of proteins, fats and carbohydrates 
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(NRC, 2000). Water intake is linked to DMI, with feed intake and feed type each having an effect on 
water intake (McDowell and Weldy, 1967). Furthermore, water intake is influenced by the amount 
of water gained from drinking; eating, via metabolic water; and the amount of water lost per unit time 
through respiration, sweating, faeces, urine and lactation (Black et al., 1964). The main changes in 
water turnover rate during hot conditions are through increases in urine volume (25 %); respiratory 
tract evaporation (54 %); and evaporative heat loss, mainly due to sweating (177 %) (McDowell and 
Weldy, 1967).  
 
2.6.2 Behavioural Responses to Heat Load  
In response to increasing thermal loads, cows will initiate numerous behavioural mechanisms in an 
attempt to reduce the impact of their surrounding environment. The purpose of these behavioural 
responses is an attempt to maintain homeostasis. Additionally it is important to consider that cattle 
have the ability to recognise and learn these behaviours, where previous learned behaviours may 
influence an animal’s ability to cope with thermal stress (Mader et al., 2002). Learnt behaviours are 
continually developed through exposure to hot environmental conditions, and other negative events, 
where the experience provides the animal with strategies to cope (Castaneda et al., 2004). Mitlöhner 
et al. (2001b) reported cattle exhibiting learned behaviours, i.e. seeking shade from feed bunks and 
body splashing behaviour at water troughs. Other behavioural changes exhibited by cattle may 
include alterations in posture, including increasing the proportion of time standing; increased duration 
in shaded areas or increased shade seeking, including shade provided from other animals; and body 
splashing at water troughs (Young and Hall, 1993). Behavioural changes are the animal’s first 
response to increasing thermal loads. If behavioural responses are insufficient to support the 
regulation of core body temperature, cattle will adjust physiologically and haematologically to negate 
the adverse effects of hot conditions (Gaughan et al., 2008b, Hahn, 1999). 
 
2.6.2.1 Posture  
Numerous authors have indicated that cattle will alter their posture during periods of hot weather 
(Dikmen et al., 2012). Young and Hall (1993) indicated that cattle will alter their position in terms of 
alignment of the body with the sun in order to reduce the degree of exposure to SR. Cows tend to 
spend considerable periods of time standing when conditions are hot (Igono et al., 1987, Frazzi et al., 
2000). Shultz (1984) indicated that un-shaded dairy cows spend a greater proportion of time (P < 
0.05) standing compared to those animals with access to shade during summer. Gaughan et al. (2008a) 
indicated that during excessive heat load conditions dairy cows without access to cooling, i.e. water 
misting and air movement, spent more time standing compared to cows that were cooled. Zähner et 
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al. (2016) reported that as THI increases from 30 to ≥ 70 there was a reduction of lying in lactating 
dairy cows. Therefore an increase in the proportion of time standing should be considered as a sign 
of cow discomfort during heat load.  
 
2.6.2.2 Rumination 
In all ruminant species, rumination is a necessary component of digestion. When cattle spend more 
time eating, the proportion of time spent ruminating also increases (P < 0.01) (Hicks et al., 1989). It 
is well reported that cows voluntarily reduce DMI during hot weather, therefore a reduction in 
ruminations is likely to be influenced by the amount of DM consumed.  
 
During periods of heat load, rumination is reduced in cows (TapkI and Sahin, 2006, Shultz, 1984, 
Soriani et al., 2013, Moallem et al., 2010). In the diagnosis of the severity of heat load experienced 
by cattle Young and Hall (1993) refer to the reduction of, or a complete termination of rumination. 
Soriani et al. (2013) reported a negative correlation between total rumination time and daily maximum 
THI (r = −0.32; P < 0.05), leading to a 2.2 minute reduction in time spent ruminating with every unit 
increase of THI above 76. The authors also reported a shift of rumination to night time hours, 
accounting for approximately 63 % of time spent ruminating (Soriani et al., 2013). Moallem et al. 
(2010) reported that a negative response to high THI was a reduction in the amount time cows spend 
ruminating. This reduction in rumination is also associated with a reduction of DMI, consequently 
leading to reduced milk yields (Moallem et al., 2010). Abeni and Galli (2017) indicated that dairy 
cows are able to compensate for the daytime heat load conditions if night time conditions are 
sufficient to allow for a recovery period where cows can increase DMI, thus increasing rumination. 
Moallem et al. (2010) concluded that the time spent ruminating plays a pivotal role in the negative 
effects of heat load on physiology and production in lactating dairy cows.  
 
2.6.2.3 Shade Seeking 
Cattle will seek shade, where available, during hot conditions (Blackshaw and Blackshaw, 1994). 
Where shade is un-available Mitlöhner et al. (2001b) and Castaneda et al. (2004) indicated that cattle 
seek shade by placing their heads in the shade footprints during the hot hours of the day. Additionally 
Gaughan and Mader (2014) observed cattle utilising the shade footprint of other animals, water 
troughs and fence posts. Shade seeking behaviour may be considered as a thermoregulatory 
mechanism whereby the shaded areas provide a change in microclimate, assisting in the regulation of 
body temperature (Bennett et al., 1985). Whilst shade reduces the impact of solar load, it does not 
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completely remove exposure to heat load conditions. However the provision of shade structures 
remains highly beneficial as the animals are able to utilise shaded areas voluntarily.  
 
2.7 Heat Load Effects on Production 
Milk synthesis and secretion is a complex process which is susceptible to physical and environmental 
changes (Rhoads et al., 2009). A small increase in core temperature, + 1 °C, results in numerous 
changes to normal tissue and neuroendocrine functions (Carvalho et al., 1995). Additionally Collier 
et al. (2008) indicated that cellular exposure to elevated body temperature induces a number of 
anomalies in cellular function, which include general inhibition of protein synthesis; defects in protein 
structure and function; morphological changes due to cytoskeleton rearrangements; shifts in 
metabolism; alterations in cell membrane dynamics and fluidity; and decreases in cell proliferation.  
 
A study into the effects of season on cow performance established that cows calving in winter 
displayed higher milk yields and fat corrected milk yield than cows calving in summer (P < 0.05) 
(McDowell et al., 1976). The increased milk yield was due in part to higher feed intake in the winter 
group compared to the summer group. The higher feed intakes in winter were due to the cold weather 
stimulating appetite and the lower intakes in summer due to a suppression of appetite which is caused 
by hot conditions. The winter group consumed 14 % more feed than the summer group, and averaged 
21 % higher milk yield (McDowell et al., 1976). McDowell et al. (1976) compared cows calving in 
summer to cows calving in winter and found that the cows calving in winter had a higher milk fat 
percentage (P < 0.05).  
 
Maintaining homeostasis via thermoregulatory mechanisms, predominantly evaporative heat loss, by 
the cow in an effort to maintain thermal balance during periods of hot climatic conditions. The 
initiation of these mechanisms are at the expense of milk production and reproductive efficiency 
(Spiers et al. 2004), as absorbable nutrients are diverted to maintaining homeostasis (Baumgard and 
Rhoads, 2012). Additionally heat load has an impact on milk composition (Kadzere et al., 2002), 
where variations in milk protein, fat and casein components are observed (Ferris and Vasavada, 
1989). Maintaining cow productivity at high TA is influenced by the balance maintained between heat 
accumulation and/or production and heat dissipation (Correa-Calderon et al., 2004). Consideration 
needs to be given to the volume of milk produced, increasing milk yield from 35 L/day to 45 L/d 
coincides with a 5 °C reduction in heat load temperature sensitivity (Berman, 2005). Therefore it 
becomes apparent that high producing cows are more susceptible to the negative impacts of heat load.  
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It is also important to consider the impact of heat load on reproduction and fertility in dairy cows. 
Heat stress is known to reduce the reproductive efficiency of dairy cattle during summer periods 
(Jordan, 2003, Collier et al., 2006, Morton et al., 2007). When body temperature is elevated the 
viability of the ovum and spermatozoa is substantially reduced (Ravagnolo and Misztal, 2002). Heat 
stress conditions are reported to influence the duration of oestrus; conception rate; uterine function; 
follicular development; embryonic development and foetal growth in the lactating dairy cow (Jordan, 
2003, Cavestany et al., 1985, Orr et al., 1993, Sanchez et al., 1994, Jonsson et al., 1997, Morton et 
al., 2007, Moghaddam et al., 2009). As reproduction is an essential element for the production of 
milk, the negative impact of heat load extends beyond the direct impacts associated with alterations 
in milk yield and composition.  
 
2.7.1 Milk Yield 
It is widely accepted that milk yields decline during hot climatic conditions. Unsurprisingly cows 
calving in winter have higher milk yields (P < 0.05) than summer calving cows (McDowell et al., 
1976). Prolonged high TA results in a reduction in milk production (Avendaño-Reyes et al., 2010). 
Ambient temperatures of 29 °C have been reported to reduce milk yield by 23 % (Spiers et al., 2004). 
Thatcher (1974) reported a 9.6 % increase in daily 4 % fat corrected milk yield in cows that were kept 
in air conditioning 24 hours per day as compared to a control group kept in no air conditioning. TapkI 
and Sahin (2006) concluded that when exposed to heat load high production cows (25 kg ± 0.35 kg 
milk/day) had a 16.1% reduction in milk yield compared with a 11.6 % reduction in cows categorised 
as low production cows (20 kg ± 0.27 kg milk/day).  
 
The reductions in milk yield during heat load are predominantly associated with the reduced DMI 
(Ravagnolo and Misztal, 2000). However more recent research has identified that only 35 % to 50 % 
of the reduction in milk yield are contributed to the decreased DMI (Rhoads et al., 2009, Wheelock 
et al., 2010). Indicating that heat load plays an important role in milk production, however the 
reduction DMI is not solely responsible for decreased milk yields.  
 
It is important to consider the implications that heat load has on the body as a whole. It is well 
understood that heat load results in an increase in maintenance energy requirements. However the 
total increase in energy requirement is unknown as the current estimates are unable account for the 
energy costs associated with protein synthesis or haematological responses that occur outside normal 
homeostasis (Carroll and Burdick Sanchez, 2014, Baumgard and Rhoads, 2013). Additionally heat 
load results in redistribution of blood flow from the internal organs to the extremities (Baumgard and 
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Rhoads, 2007), thus away from the gastrointestinal tract, reducing blood flow to the rumen and 
mammary tissue (Engelhardt and Hales, 1977). This in turn reduces the concentration of nutrients 
delivered to the mammary tissue.  
 
Another important consideration is that the impact of heat stress conditions may have prolonged 
effects. A reduced milk yield may be seen well after the heat load period has abated. Milk production 
may not return to pre-exposure production levels as the energy deficit experienced combined with a 
decline in body condition score cannot be compensated for, particularly in the high producing cow, 
resulting in a permanent reduction in milk production for the remainder of that lactation (Ravagnolo 
and Misztal, 2000). This reduction in milk yield is directly proportional to the length and severity of 
the heat stress event and to the degree that the individual cow was effected (Ravagnolo and Misztal, 
2000).  
 
2.7.2 Milk Composition  
Relative humidity and TA account for a considerable proportion of the variation seen in milk 
composition (Sharma et al., 1983). Milk composition is more sensitive to the variation of climatic 
conditions than milk yield (Rodriquez et al., 1985). The negative impact of hot climatic conditions 
on milk yield are more pronounced during early to mid-lactation than in late lactation (Sharma et al., 
1988). Climatic conditions appear to have the most influence on milk composition during the first 60 
days of lactation (McDowell et al., 1976, Sharma et al., 1983). 
 
Milk fat, protein and casein components vary considerably throughout summer conditions, however 
these variations are also due to genetic and nutritional factors (Ferris and Vasavada, 1989, Laben, 
1963). Additionally milk yield is more likely to be affected in Holstein Friesian cows, however milk 
composition, fat and protein percentages, are more likely to be affected in Jersey cows during summer 
heat stress conditions (Sharma et al., 1983). Whilst milk yield is influenced by climatic conditions, 
heat load also has a negative association with milk fat and protein composition (Lambertz et al., 
2014).  
  
2.7.2.1 Milk Fat 
It is un-surprising that milk fat is negatively influenced by increasing heat load (Lambertz et al., 2014, 
Rodriquez et al., 1985, Bernabucci et al., 2010). Quist et al. (2008) reported lower milk fat 
composition during the summer (1.02 ± 1.05 kg/d) compared with winter (1.19 ± 1.05 kg/d). Sharma 
et al. (1983) and Sharma et al. (1988) described declines in milk fat where TA were above 27 °C. 
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McDowell et al. (1976) reported a 39 % reduction in milk fat of Holstein cows at 30 °C. Milk fat 
composition decreased with increasing THI in cows housed in indoor and outdoor housing (Hill and 
Wall, 2014). Furthermore milk fat decreased when cows were exposed to conditions where THI ≥ 65, 
irrespective of housing structures and access to grazing (Lambertz et al., 2014). Bouraoui et al. (2002) 
concluded that milk fat yields were lower (P < 0.05) in summer (480 g/d) when compared to spring 
(681 g/d). More recently in a climate controlled study Garner et al. (2017) reported that cows exposed 
to heat load had a 48 % reduction in milk fat.  
 
2.7.2.2 Milk Protein  
Milk protein is influenced by the energy density of the feed, therefore the energy absorption by the 
body (Lambertz et al., 2014). Protein composition is further influenced by the protein secretion of the 
individual cow (Pollott, 2004). Furthermore the stage of lactation; nutritional status; health status of 
the cow; cow genetics; and climatic conditions are all drivers of variation in milk protein (Heck et 
al., 2009). Bouraoui et al. (2002) found that milk protein percentage were lower (P < 0.05) in summer 
(THI = 78) than spring (THI = 68), measuring 2.88 % vs. 2.96 %, respectively. Similarly Quist et al. 
(2008) reported lower milk protein in summer (0.85 ± 1.05 kg/d) compared with winter (0.96 ± 1.05 
kg/d). Milk protein composition decreased with increasing THI in cows housed in indoor and outdoor 
housing (Hill and Wall, 2014). Lambertz et al. (2014) concluded that milk protein composition 
decreases when THI ≥ 65. Furthermore Bernabucci et al. (2002) reported that milk from cows 
lactating during summer had lower concentrations of crude proteins and caseins. In a climate 
controlled study Garner et al. (2017) found that cows exposed to heat produced milk with a lactose 
and protein composition 49 % lower than thermoneutral control cows. These findings suggest that 
milk fat and protein composition is variable, a portion of this variability can be contributed to climatic 
conditions. However it is important to consider that variations in milk composition are related to 
genetic and nutritional factors (Ferris and Vasavada, 1989, Laben, 1963). 
 
2.8 Alleviation Strategies 
There are numerous factors that need to be accounted for when managing lactating dairy cows. The 
provision of alleviation strategies are paramount in supporting the animals to achieve comfort and 
production goals. Traditionally strategies for mitigation management of heat load have involved 
environmental modification where the focus has been on i) reducing SR and ii) increasing WS 
(Eigenberg et al., 2005).  
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In tropical environments cattle must be able to dissipate excess heat through skin and respiratory 
surfaces and avoid gaining thermal energy from the environment (Bertipaglia et al., 2007). Heat stress 
alleviation strategies are focused on reducing the impact of the thermal environment and facilitate the 
ability to maintain normal body temperature (Sanchez et al., 1994) and ultimately homeostasis. The 
use of cooling mechanisms is encouraged and reduces the impact of environmental conditions on 
productive performance (Avendaño-Reyes et al., 2010). Heat loss is achieved through conduction, 
convection and radiation; however all of these mechanisms are dependent on a thermal gradient 
(West, 2003). As TA increases there is a shift in cooling method from non-evaporative cooling to 
evaporative heat loss (West, 2003). At temperatures above the cows thermoneutral zone the 
predominant method of heat loss is through respiratory and cutaneous evaporative heat loss (Collier 
et al., 2008). During periods when TA are increasing the efficiency of evaporative cooling decreases 
(Berman, 2009). During heat stress conditions cooling mechanisms allow dairy cows to maintain 
DMI and consequently milk production (Avendaño-Reyes et al., 2010). 
 
2.8.1 Shade  
It has been well established that the provision of shade is an advantageous heat load alleviation tool. 
Providing shade supports the regulation of core body temperature by providing an area for cooling 
(Mitlöhner et al., 2002). Shade has also been shown to be effective on feedlot steers, reducing 
respiration rates and core body temperature during the peak temperature hours of the day (Brown-
Brandl et al., 2005a). The provision of shade reduces the animals exposure to direct SR, however 
shade structures do not alter TA or RH (Gaughan et al., 2004b, Buffington et al., 1981, Buffington et 
al., 1983). The use of shade can reduce the radiant heat load of an animal by 30 %, by simply blocking 
out the sun (Bond et al., 1967). Bond et al. (1967) found that the total radiant heat load at the centre 
of a 1.8 m tall shade structure was less than that of a 3.6 m tall shade structure; both shade structures 
being 2.4 m × 3.6 m. For lactating dairy cows the benefits of shade come in the form of improved 
milk production, reproductive efficiency and milk production in the following lactation (Buffington 
et al., 1983). Roman-Ponce et al. (1977) showed that providing shade reduced BGT by ≈ 8 °C (36.7 
°C versus 28.4 °C). In addition the authors reported reduced respiration rates (82 versus 54 breaths 
per minute); rectal temperatures (39.4 °C versus 38.9 °C); conception rates (44.4 % versus 25.3 %); 
and milk yield (16.6 kg/day versus 15.0 kg/day) (Roman-Ponce et al., 1977). Buffington et al. (1983) 
observed an increased fat corrected milk yield in shaded animals of 10.9 %, compared to un-shaded 
animals. The authors also reported higher conception rates of 38.2 % in shaded cattle and 14.3 % for 
un-shaded cattle (P < 0.05) (Buffington et al., 1983). Kendall et al. (2006) reported lower (P < 0.05) 
vaginal temperatures, as well as increased (P < 0.05) milk production in shaded cows.  
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The advantage of shade structures is that the application is passive, where animals are able to utilise 
shaded areas voluntarily (Eigenberg et al., 2005). Schütz et al. (2008) suggested that cows preferred 
shade on days where TA ≥ 30 °C. The authors also noted that shade utilisation was reduced when RH 
≥ 55 % (Schütz et al., 2008). Schütz et al. (2009) reported that cows preferred shade that blocked out 
more SR. Cows were offered shade that provided solar load block outs of 50 % versus 99 %; 25 % or 
99 %; 50 % or 25 % (Schütz et al., 2009). Cows showed a preference for 99 % over 25 % (72.3 % of 
time spent under 99 %, P < 0.001); 50 % over 25 % (72.0 % of time spent under 50 %, P < 0.001), 
but found no preference to either 50 % or 99 % (49.8 % of time spent under 99 %, P < 0.001) (Schütz 
et al., 2009).  
 
What remains clear is that as heat load increases, shade seeking behaviours also increase (Schütz et 
al., 2009). Schütz et al. (2010) described that as heat stress conditions intensify there is an increase 
in competition for shade between cows. Without the provision of shade cattle are often subjected to 
solar loads that are greater than the heat load attributed to metabolic heat production (Bond et al., 
1967). Shade structures provide protection from indirect and direct SR (West, 2003). Shade reduces 
heat accumulation from SR, without influencing TA or RH (West, 2003). The type of shade structure 
offered to cows has an impact on the microclimate provided by the shade projected (Tucker et al., 
2008). Dairy cattle that had access to 9.6 m2/cow, of shade increased the time spent under shade 
structure and also exhibited reductions in behavioural and physiological responses to heat stress 
(Schütz et al., 2010).  
 
2.8.2 Sprinklers and Fans  
It is important to consider that when TA is equal to body temperature, heat loss via evaporation 
becomes the predominant method of heat dissipation (Esmay, 1969). At 32 °C evaporative heat loss 
accounts for 85 % of an animals’ total heat loss (Avendaño-Reyes et al., 2010). Therefore as TA 
approaches and surpasses body temperature, sweating becomes a key physiological mechanism for 
heat dissipation (Mader et al., 2010a), and the regulation of core body temperature. Forced cooling 
methods, water application and forced air movement occur in conjunction with each other to create 
an opportunity for the cow to dissipate accumulated body heat. Wetting the hair coat and skin of a 
cow increases the rate of evaporative heat loss, that would otherwise not be achievable by the cow 
alone due to a limited number of sweat glands (Garner et al., 1989, Collier et al., 2008, Berman, 
2005), thus providing cooling to the animal (Kimmel et al., 1991). Heat dissipation occurs on the 
presumption that peripheral vasodilation sustains heat flow to the skin’s surface given that 
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hyperthermia continues (Berman, 2010). This method of cooling does not directly modify the ambient 
conditions, however it is directed at providing relief from heat stress conditions by allowing the 
animal to dissipate excess heat from the body (Berman, 2010), via forced evaporation and convection.  
 
During heat load periods the primary method of heat dissipation is by evaporative cooling (Berman, 
2008, Gebremedhin and Wu, 2002). The application of water to the animal’s coat results in 
evaporative heat loss allowing the cow to dissipate excess heat from the body (Kimmel et al., 1991). 
Berman (2008) described that repeated wetting of the coat, coupled with forced ventilation, is the 
most effective method of cooling in high humidity climates. Evaporative cooling can be achieved by 
the application of water directly on the animals skin and initiating air movement (Gebremedhin and 
Wu, 2002). The purpose of air movement is to inhibit moisture from accumulating around the animal, 
thus creating a vapour pressure gradient between the cows coat and the surrounding climate (Berman, 
2008). Heat loss via evaporative cooling then becomes independent of RH (Berman, 2008). The 
evaporation of water from the wet hide is then dependent on the rate of air movement (Berman, 2008). 
Air flows applied at a velocity of 1 m/s are capable of producing air streams of between 0.3 m/s and 
0.6 m/s over the cows surface (Berman, 2006). Berman (2005) reported that the effects of RH no 
longer influence heat when air velocities are between 1.5 m/s to 2.0 m/s. The thermal balance of dairy 
cattle is substantially sensitive to air movement across the body (Berman, 2006). Increasing air 
movement enhances convective heat loss however forced ventilation is principally effective when TA 
are in the lower range of heat load conditions (Berman, 2008). Repeated wetting of the coat, coupled 
with forced ventilation, is the most efficient cooling method in more humid climates (Berman, 2008). 
 
Huhnke et al. (2004) used seven years’ worth of weather data from 17 sites across Oklahoma to 
calculate the time that the THI > 84 and THI > 79 and then used this data to construct a means of 
determining the effect of evaporative cooling on reducing THI. The authors found that a 70 % 
efficient evaporative cooler had the ability to significantly reduce the number of hours where the THI 
was > 79 to a level that was not considered dangerous to animals (Huhnke et al., 2004). Even though 
evaporative cooling reduces air temperature, its potential in terms of heat stress relief is partially 
limited in humid climates as it also increases the RH (Berman, 2006). Berman (2006) found that 
respiratory heat loss slowly diminishes as the RH increases, until 45 %, after which heat dissipation 
via the respiratory surfaces is at a maximal capacity.  
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2.8.2.1 Milking Parlour Alleviation  
Shade, sprinklers and/or fans can be utilised in the milking parlour, with many producers choosing to 
have sprinklers in the holding yard of the milking shed. This form of cooling allows for forced cooling 
of the cows twice daily. This is more important during afternoon milking where it provides an 
opportunity for cows to dissipate a portion of the heat accumulated throughout the day. In conjunction 
with these Little and Campbell (2008) suggest changing afternoon milking times to later in the day; 
providing access to cool drinking water, especially in the paddock; and erecting shade structures. It 
is also recommended to implement a heat load nutrition program (Little and Campbell, 2008), 
although this is beyond the scope of this review. 
 
2.8.3 Time Management  
The time that animals are fed may also effect heat production and heat balance, particularly when 
coupled with exposure to SR and a high energy diet (10.6 MJ ME/kg) (Brosh et al., 1998). Brosh et 
al. (1998) determined that Hereford heifers fed in the afternoon had higher respiration rates and rectal 
temperatures than those fed in the morning; over and above the expected increase due to the daily 
heat load. The authors concluded that feeding growing cattle in the late afternoon would be beneficial 
in order to facilitate a reduction in heat load. This was based on the findings that high energy diets 
are the main cause of heat load in growing cattle. The implications for lactating dairy cows could be 
far more important, given they are already under a physiological strain of milk production thus 
rendering them already compromised during periods of high heat load. 
 
2.9 Conclusions 
Heat load is a major problem in the dairy industry, particularly throughout tropical and sub-tropical 
regions. Heat load has been acknowledged to cost approximately $ 897 million annually in lost 
productivity (St-Pierre et al., 2003). Dairy production is also increasing in more tropical and sub-
tropical regions. Heat load has the potential to be a year round issue in these regions due to the 
relatively stable tropical climate (Buffington et al., 1981). Furthermore with the forecasted climate 
change there is the potential that summer conditions will present increasing TA and RH. An additional 
expected outcome of global warming is the increased prevalence and severity of heat wave events 
(Solomon et al., 2007). If these models are accurate, the results would be an increase on the negative 
impacts hot climatic conditions (Hahn, 1999). Heat load is a known cause of stress to dairy cows, 
increasing respiration rates, body temperature and heat production and decreasing DMI, milk 
production and conception rates along with variability in milk composition. These factors decrease 
the welfare of the cows and reduce profits to the producer at the farm gate. 
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Currently, there is no heat load model specifically designed for the Australian dairy industry and the 
current model in use, the THI, may not be adequate describers of heat load in dairy cows housed 
outside. The THI adapted from Thom (1959) reflects the net effects of TA and air moisture. Within 
the current THI model the effects of air movement and thermal model are not accounted for. However 
it is known that these factors influence the thermal exchange mechanisms of cattle. The findings of 
Gaughan et al. (2008b) regarding the effectiveness of the THI as a describer of heat load in feedlot 
cattle point towards a major weakness in dairy heat stress research of animals housed outside. A dairy 
heat load model that described heat load, was production level specific (high/medium/low 
production), and could forecast perceived heat load events would provide a powerful management 
tool for producers and researchers alike. It would allow for more proactive approaches to be taken in 
terms of heat load mitigation strategies in commercial enterprises globally, thereby potentially 
decreasing production losses.  
 
Therefore the following generalised hypothesis has been developed ‘The THI does not adequately 
incorporate the net effects that climatic factors, production level and status, and management to 
appropriately describe the effects of heat load on dairy cows in a sub-tropical environment’. Thus 
there is a need to develop a comprehensive heat load model that reflects the effects of the thermal 
environment on the modern dairy cow. Therefore the experiments incorporated within this thesis were 
primarily established with the intention to “Develop a Heat Load Index for Dairy Cows housed 
outside in a sub-tropical environment.” A number of experiments were carried out at The University 
of Queensland, Gatton Campus to evaluate this hypothesis. The objectives of the experiments 
conducted within this thesis were primarily designed to ‘develop a heat load model; then to evaluate 
the effectiveness of the heat load index to predict the thermal comfort of dairy cows and the 
associated impacts on physiological and behavioural responses and the impacts on milk yield and 
composition.’  
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3.1 Introduction  
Hot summer conditions experienced in sub-tropical regions of the world are well documented to cause 
increases in core body temperature and respiration rate (Gaalaas, 1945), along with decreases in milk 
yield in dairy cows (Bianca, 1965, Davison et al., 1988, McDowell et al., 1976). This is a major driver 
in terms of financial losses to the industry. Economic losses to the US dairy industry due to heat stress 
have been reported to cost US $ 897 to US $ 1 500 million annually (St-Pierre et al., 2003). In 
Australia, the cost was reported to be AU $ 11 986 per year for a 100 cow herd averaging 25 L/cow, 
without access to shade, at Muswellbrook, New South Wales (Mayer et al., 1999).  
 
There are several heat stress and heat load models in use in the livestock industries; the Temperature 
Humidity Index (THI) (Mader et al., 2006, Thom, 1959); the Heat Load Index (HLI), developed 
specifically for feedlot cattle (Gaughan et al., 2008b); and the Comprehensive Climate Index (CCI) 
which has application across a broad range of climatic conditions, species and life stages (Mader et 
al., 2010b). These indices have the ability to predict the effect of inclement weather on the welfare 
and production of intensively housed production animals.  
 
Historically, the THI has been extensively used in the dairy industry as an indicator of inclement heat 
load conditions. However, the model only accounts for the effects of ambient temperature (TA, °C), 
relative humidity (RH). A possible reason for this is the ease of obtaining this information from local 
meteorological stations (Bohmanova et al., 2007). The THI is limited in that it does not account for 
solar radiation (SR, W/m2) or wind speed (WS, m/s) (Gaughan et al., 2008b). Gaughan et al. (2008b) 
subsequently developed the HLI to account for the incorporated effects of TA, RH, SR and WS on 
heat load in feedlot cattle. The HLI, along with the CCI, both highlight the deficiencies in the THI 
for use in animal production systems. Thus it is not apparent if the THI provides the best prediction 
for impact of heat load on lactating dairy cattle as it has not been formulated in conjunction with 
animal data (Dikmen and Hansen, 2009). Therefore predicting the impact of heat load on lactating 
dairy cows may be more accurate with a model developed based on actual data from lactating dairy 
cows and environmental conditions. Therefore an alternative model to better predict the impact of 
heat load on sub-tropical and tropical dairy regions needs to be investigated. It was the aim of this 
experiment to develop Dairy Heat Load Index (DHLI), based on the response of lactating dairy cows 
to hot environmental conditions.  
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3.2 Materials and Methods 
This experiment was undertaken using the Holstein Friesian dairy herd at The University of 
Queensland, Gatton Campus, Australia (latitude -27.54 °S; longitude 152.34 °E; 94 m above mean 
sea level). The experiments here were approved by The University of Queensland Animal Ethics 
Committee (AEC Approval: SAS/505/09/DAFF; SAFS/504/12). The experiments were conducted 
over three summers (2008/2009; 2009/2010; and 2010/2011) and two winters (2009 and 2010).  
 
3.2.1 Animals  
Data were collected from lactating Holstein Friesian cows were managed under a year round calving 
system. Subsequently variations existed in the stage of lactation (1 to ≥ 300 days in milk, DIM) and 
lactation number (1 to 8). The number of cows in the experiments also varied (n = 139 ≤ 190) 
throughout the duration of the experiments, representing the transition of cows into and out of the 
lactating herd. 
 
3.2.2 Animal Observations  
Observational data were obtained daily from the herd. During summer 1 (2008/2099); 2 (2009/2010) 
and 3 (2010/2011) observations occurred at (0800 h; 1200 h; and 1830 h). During winter 1 (2009) 
and winter 2 (2010) observations occurred at (0800 h; 1200 h; and 1830 h). Observations were made 
on the panting score (PS); shade utilisation; and posture. Panting scores were visually determined 
based on the open and closed mouth panting of cattle using a 0 to 4.5 scale (Table 2.3; Figure 3.1) as 
described by Brown-Brandl et al. (2006a), Mader et al. (2006) and Gaughan et al. (2008b). Animals 
with a PS ≥ 2 were considered to be under heat load; and those with a PS ≥ 3 or 4 were exhibiting 
symptoms of severe heat load (Mader et al., 2006, Brown-Brandl et al., 2006a). Herd PS were used 
to calculate a mean panting score (MPS) as described by Gaughan et al. (2008b);  
 
𝑀𝑒𝑎𝑛 𝑃𝑎𝑛𝑡𝑖𝑛𝑔 𝑆𝑐𝑜𝑟𝑒 =  
∑ 𝑁𝑖 × 𝑖
4.5
𝑖=0
∑ 𝑁𝑖
4.5
𝑖=0
 
 
Where Ni = the number of cattle observed at PS i 
 
For this experiment MPS were used to classify the severity of heat loading being experienced by the 
herd. Mean panting score stress categories were adapted from Gaughan et al. (2008b); 
1. Mean panting score between 0 and 0.4, no stress;  
2. Mean panting score between 0.4 and 0.8, low stress;  
3. Mean panting score between 0.8 and 1.2, high stress; and 
4. Mean panting score > 1.2, severe stress  
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Utilisation of shade was defined as ≥ 50 % of the body covered by shade, as described by Kendall et 
al. (2006). Posture was defined as either standing, the cows standing in an inactive upright position, 
or laying where a cow was in a state of sternal recumbence as described by Mitlöhner et al. (2001a). 
 
 
Figure 3. 1: Panting score a) 2; b) 2.5; c) 3; d) 3.5; e) 4; f) 4.5 
 
3.2.3 Weather Data  
Ambient temperature (TA, °C), relative humidity (RH, %) and wind speed (WS, m/s), black globe 
temperature (BGT, °C) were obtained every 10 minutes from an onsite automated weather station 
(Esidata MK-3; Environdata Australia Pty Ltd, Warwick, Qld, Australia). The weather station was 
located 60 m away from the shade structure (Figure 3.2), outside of the feedlot area to ensure that the 
cows could not gain access to the sensor equipment. From these data, the Temperature Humidity 
Index (THI) was calculated by using the following equation as adapted from Thom (1959); 
 
𝑇𝐻𝐼 = 0.8 × 𝑇𝐴 +  ⌊(
𝑅𝐻
100
× (𝑇𝐴 −  14.4)⌋ + 46.4 
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Where RH = relative humidity (%); and TA = wet bulb or dew point temperature 
 
 
Figure 3. 2: Layout of The University of Queensland’s Dairy Feedlot, highlighting the location 
of the onsite weather station 
Note: Figure is not to scale 
 
Mean hourly ambient conditions for each summer and winter periods are presented below (Summer 
1, Table 3.1; Winter 1, Table 3.2; Summer 2, Table 3.3; Winter 2, Table 3.4; Summer 3, Table 3.5). 
Daily (24 hour) rainfall (mm) was recorded at 0900 h using a graduated rain gauge.  
 
 
 
 
 
 
 
 
 
 
44 
 
Table 3. 1: Mean (± SEM) hourly ambient temperature (TA,°C), relative humidity (RH, %), 
wind speed (WS, m/s), black globe temperature (BGT, °C) and Temperature Humidity Index 
(THI) during Summer 1 (December 2008 to March 2009) 
Hour 
Item 
TA (°C) RH (%) WS (m/s) BGT (°C) THI
1 
0000 20.8 ± 0.09 80.3 ± 0.62 0.5 ± 0.02 16.8 ± 0.09 68.2 ± 0.15 
0100 20.4 ± 0.09 81.6 ± 0.64 0.5 ± 0.02 16.4 ± 0.09 67.5 ± 0.15 
0200 19.9 ± 0.09 83.2 ± 0.62 0.4 ± 0.02 16.0 ± 0.09 66.8 ± 0.15 
0300 19.6 ± 0.09 84.5 ± 0.59 0.4 ± 0.02 15.8 ± 0.10 66.4 ± 0.16 
0400 19.2 ± 0.10 85.6 ± 0.60 0.4 ± 0.02 15.4 ± 0.10 65.9 ± 0.17 
0500 19.1 ± 0.11 86.2 ± 0.63 0.4 ± 0.02 15.5 ± 0.11 65.6 ± 0.18 
0600 19.8 ± 0.11 85.5 ± 0.63 0.6 ± 0.03 17.8 ± 0.14 66.8 ± 0.18 
0700 22.0 ± 0.10 79.8 ± 0.60 0.8 ± 0.02 22.8 ± 0.22 69.9 ± 0.15 
0800 24.3 ± 0.08 71.5 ± 0.49 1.0 ± 0.03 28.1 ± 0.20 72.8 ± 0.12 
0900 26.0 ± 0.08 65.5 ± 0.51 1.0 ± 0.02 31.7 ± 0.19 74.7 ± 0.11 
1000 27.3 ± 0.09 60.7 ± 0.57 1.2 ± 0.03 33.6 ± 0.19 75.9 ± 0.12 
1100 28.3 ± 0.09 57.1 ± 0.61 1.3 ± 0.03 35.0 ± 0.20 76.8 ± 0.12 
1200 29.2 ± 0.10 54.1 ± 0.65 1.3 ± 0.03 36.4 ± 0.20 77.6 ± 0.13 
1300 29.7 ± 0.11 52.3 ± 0.71 1.4 ± 0.04 36.5 ± 0.23 77.9 ± 0.14 
1400 29.8 ± 0.12 51.8 ± 0.75 1.3 ± 0.04 35.5 ± 0.26 77.9 ± 0.15 
1500 29.7 ± 0.13 51.8 ± 0.77 1.2 ± 0.03 34.0 ± 0.27 77.7 ± 0.16 
1600 29.0 ± 0.14 53.9 ± 0.76 1.2 ± 0.04 31.4 ± 0.27 77.1 ± 0.17 
1700 27.6 ± 0.14 56.9 ± 0.74 1.0 ± 0.02 27.0 ± 0.23 75.7 ± 0.16 
1800 25.8 ± 0.11 62.2 ± 0.66 0.8 ± 0.03 22.1 ± 0.13 73.9 ± 0.15 
1900 24.4 ± 0.09 67.0 ± 0.64 0.6 ± 0.02 19.9 ± 0.08 72.4 ± 0.12 
2000 23.4 ± 0.08 70.6 ± 0.63 0.5 ± 0.02 19.0 ± 0.08 71.4 ± 0.12 
2100 22.7 ± 0.08 73.9 ± 0.62 0.5 ± 0.02 18.3 ± 0.08 70.6 ± 0.12 
2200 22.0 ± 0.08 77.2 ± 0.57 0.4 ± 0.02 17.7 ± 0.08 69.8 ± 0.12 
2300 21.4 ± 0.08 79.3 ± 0.59 0.5 ± 0.02 17.3 ± 0.09 69.0 ± 0.14 
1 THI = 0.8 × ⌊(RH/100 × (dry bulb temperature - 14.4)⌋ + 46.4; Where RH = relative humidity (%); adapted from Thom 
(1959) 
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Table 3. 2: Mean (± SEM) hourly ambient temperature (TA,°C), relative humidity (RH, %), 
wind speed (WS, m/s), black globe temperature (BGT, °C) and Temperature Humidity Index 
(THI) during Winter 1 (July 2009) 
Hour 
Item 
TA (°C) RH (%) WS (m/s) BGT (°C) THI
1 
0000 8.0 ± 0.20 81.8 ± 0.76 0.6 ± 0.06 4.6 ± 0.21 47.6 ± 0.32 
0100 7.5 ± 0.21 83.2 ± 0.75 0.7 ± 0.04 4.2 ± 0.22 46.5 ± 0.36 
0200 6.9 ± 0.23 84.7 ± 0.76 0.7 ± 0.05 3.9 ± 0.23 45.6 ± 0.39 
0300 6.8 ± 0.26 85.7 ± 0.81 0.7 ± 0.04 3.8 ± 0.26 45.2 ± 0.44 
0400 6.7 ± 0.25 86.4 ± 0.76 0.7 ± 0.04 3.7 ± 0.25 44.9 ± 0.43 
0500 6.2 ± 0.27 87.4 ± 0.69 0.7 ± 0.05 3.3 ± 0.27 44.1 ± 0.45 
0600 6.1 ± 0.26 88.1 ± 0.65 0.7 ± 0.05 3.4 ± 0.26 44.0 ± 0.45 
0700 6.7 ± 0.27 88.6 ± 0.70 0.8 ± 0.07 4.5 ± 0.28 44.8 ± 0.48 
0800 9.5 ± 0.29 85.2 ± 1.10 1.4 ± 0.11 9.3 ± 0.36 49.6 ± 0.50 
0900 13.1 ± 0.27 74.2 ± 1.19 1.6 ± 0.15 19.8 ± 0.38 55.8 ± 0.41 
1000 16.2 ± 0.23 61.1 ± 1.08 1.6 ± 0.11 23.8 ± 0.39 60.3 ± 0.30 
1100 18.1 ± 0.21 52.5 ± 1.07 1.8 ± 0.12 25.4 ± 0.41 62.7 ± 0.26 
1200 19.4 ± 0.24 46.2 ± 1.25 2.1 ± 0.11 25.5 ± 0.45 64.0 ± 0.27 
1300 20.1 ± 0.26 42.8 ± 1.34 2.2 ± 0.12 25.3 ± 0.45 64.6 ± 0.28 
1400 20.3 ± 0.26 41.5 ± 1.33 2.0 ± 0.10 25.0 ± 0.43 64.7 ± 0.28 
1500 20.0 ± 0.27 41.8 ± 1.36 2.0 ± 0.10 23.2 ± 0.42 64.4 ± 0.30 
1600 19.1 ± 0.26 44.3 ± 1.29 1.4 ± 0.08 20.0 ± 0.39 63.5 ± 0.30 
1700 16.6 ± 0.25 51.7 ± 1.17 0.8 ± 0.06 12.8 ± 0.32 60.6 ± 0.31 
1800 13.9 ± 0.21 60.9 ± 1.06 0.6 ± 0.06 9.4 ± 0.20 57.1 ± 0.29 
1900 12.2 ± 0.19 67.1 ± 1.12 0.7 ± 0.06 8.2 ± 0.19 54.6 ± 0.28 
2000 11.3 ± 0.19 70.2 ± 1.30 0.7 ± 0.06 7.6 ± 0.19 53.2 ± 0.30 
2100 10.3 ± 0.17 73.3 ± 1.19 0.6 ± 0.05 6.6 ± 0.18 51.5 ± 0.28 
2200 9.6 ± 0.18 76.2 ± 0.98 0.5 ± 0.07 5.9 ± 0.18 50.3 ± 0.28 
2300 8.8 ± 0.17 79.4 ± 0.81 0.6 ± 0.05 5.2 ± 0.18 48.9 ± 0.27 
1 THI = 0.8 × ⌊(RH/100 × (dry bulb temperature - 14.4)⌋ + 46.4; Where RH = relative humidity (%); adapted from Thom 
(1959) 
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Table 3. 3: Mean (± SEM) hourly ambient temperature (TA,°C), relative humidity (RH, %), 
wind speed (WS, m/s), black globe temperature (BGT, °C) and Temperature Humidity Index 
(THI) during Summer 2 (December 2009 to March 2010)  
Hour 
Item 
TA (°C) RH (%) WS (m/s) BGT (°C) THI
1 
0000 21.3 ± 0.08 80.3 ± 0.33 0.3 ± 0.01 17.2 ± 0.09 68.9 ± 0.13 
0100 20.8 ± 0.09 81.6 ± 0.30 0.3 ± 0.01 16.9 ± 0.09 68.3 ± 0.14 
0200 20.4 ± 0.09 82.6 ± 0.28 0.3 ± 0.01 16.5 ± 0.09 67.7 ± 0.15 
0300 20.0 ± 0.10 83.5 ± 0.26 0.3 ± 0.01 16.2 ± 0.10 67.1 ± 0.16 
0400 19.8 ± 0.10 84.1 ± 0.25 0.3 ± 0.01 16.0 ± 0.10 66.7 ± 0.16 
0500 19.6 ± 0.10 84.6 ± 0.24 0.3 ± 0.01 16.0 ± 0.10 66.5 ± 0.16 
0600 20.1 ± 0.10 84.3 ± 0.28 0.4 ± 0.01 17.4 ± 0.11 67.3 ± 0.16 
0700 22.1 ± 0.09 79.9 ± 0.39 0.7 ± 0.02 20.7 ± 0.13 70.0 ± 0.13 
0800 24.3 ± 0.08 72.2 ± 0.43 0.9 ± 0.02 25.7 ± 0.15 72.9 ± 0.11 
0900 26.1 ± 0.10 66.3 ± 0.47 1.2 ± 0.03 30.7 ± 0.20 74.9 ± 0.13 
1000 27.3 ± 0.10 61.2 ± 0.50 1.2 ± 0.02 32.9 ± 0.20 75.9 ± 0.11 
1100 28.2 ± 0.12 58.2 ± 0.55 1.3 ± 0.02 33.6 ± 0.23 76.7 ± 0.12 
1200 29.0 ± 0.14 55.5 ± 0.58 1.3 ± 0.03 34.7 ± 0.24 77.3 ± 0.12 
1300 29.5 ± 0.15 53.5 ± 0.63 1.3 ± 0.03 35.0 ± 0.27 77.6 ± 0.13 
1400 29.6 ± 0.17 52.9 ± 0.69 1.4 ± 0.03 34.2 ± 0.29 77.5 ± 0.14 
1500 29.4 ± 0.18 53.3 ± 0.73 1.3 ± 0.03 33.1 ± 0.31 77.2 ± 0.15 
1600 28.6 ± 0.18 55.5 ± 0.76 1.3 ± 0.03 30.7 ± 0.32 76.5 ± 0.15 
1700 27.6 ± 0.17 58.8 ± 0.73 1.2 ± 0.03 27.7 ± 0.29 75.6 ± 0.15 
1800 26.0 ± 0.15 63.8 ± 0.69 0.9 ± 0.03 22.7 ± 0.20 74.1 ± 0.14 
1900 24.4 ± 0.12 68.9 ± 0.59 0.6 ± 0.02 20.0 ± 0.11 72.6 ± 0.14 
2000 23.5 ± 0.09 72.4 ± 0.49 0.4 ± 0.01 19.1 ± 0.09 71.7 ± 0.12 
2100 22.9 ± 0.08 74.9 ± 0.43 0.3 ± 0.01 18.5 ± 0.07 70.9 ± 0.12 
2200 22.3 ± 0.08 77.2 ± 0.39 0.3 ± 0.01 18.0 ± 0.08 70.3 ± 0.12 
2300 21.7 ± 0.09 79.1 ± 0.36 0.3 ± 0.01 17.5 ± 0.09 69.5 ± 0.14 
1 THI = 0.8 × ⌊(RH/100 × (dry bulb temperature - 14.4)⌋ + 46.4; Where RH = relative humidity (%); adapted from Thom 
(1959) 
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Table 3. 4: Mean (± SEM) hourly ambient temperature (TA,°C), relative humidity (RH, %), 
wind speed (WS, m/s), black globe temperature (BGT, °C) and Temperature Humidity Index 
(THI) during Winter 2 (June 2010 to August 2010) 
Hour 
Item 
TA (°C) RH (%) WS (m/s) BGT (°C) THI
1 
0000 10.3 ± 0.18 81.2 ± 0.52 0.6 ± 0.03 7.1 ± 0.18 51.4 ± 0.29 
0100 10.0 ± 0.19 82.1 ± 0.50 0.7 ± 0.04 6.9 ± 0.19 50.8 ± 0.31 
0200 9.6 ± 0.20 82.8 ± 0.48 0.6 ± 0.03 6.5 ± 0.20 50.1 ± 0.32 
0300 9.3 ± 0.20 83.8 ± 0.44 0.7 ± 0.03 6.3 ± 0.20 49.6 ± 0.33 
0400 9.0 ± 0.19 84.1 ± 0.42 0.7 ± 0.04 6.0 ± 0.20 49.1 ± 0.32 
0500 8.7 ± 0.20 84.3 ± 0.44 0.7 ± 0.04 5.9 ± 0.20 48.6 ± 0.33 
0600 8.5 ± 0.21 84.6 ± 0.44 0.7 ± 0.04 5.6 ± 0.21 48.2 ± 0.34 
0700 8.7 ± 0.20 85.1 ± 0.45 0.7 ± 0.04 6.4 ± 0.20 48.6 ± 0.33 
0800 11.0 ± 0.17 83.4 ± 0.58 1.1 ± 0.05 10.3 ± 0.20 52.4 ± 0.28 
0900 13.8 ± 0.15 76.4 ± 0.73 1.1 ± 0.05 17.7 ± 0.25 57.0 ± 0.23 
1000 16.4 ± 0.15 67.2 ± 0.77 1.2 ± 0.06 21.5 ± 0.28 60.9 ± 0.22 
1100 18.1 ± 0.15 61.5 ± 0.79 1.5 ± 0.07 23.3 ± 0.29 63.1 ± 0.21 
1200 19.1 ± 0.14 57.9 ± 0.80 1.5 ± 0.07 24.0 ± 0.30 64.4 ± 0.21 
1300 19.7 ± 0.15 55.5 ± 0.81 1.6 ± 0.07 24.3 ± 0.29 65.1 ± 0.20 
1400 20.1 ± 0.14 53.7 ± 0.81 1.6 ± 0.07 24.2 ± 0.29 65.5 ± 0.19 
1500 20.0 ± 0.14 53.5 ± 0.79 1.6 ± 0.07 22.8 ± 0.30 65.4 ± 0.20 
1600 19.3 ± 0.15 55.4 ± 0.82 1.3 ± 0.06 20.1 ± 0.29 64.5 ± 0.21 
1700 17.2 ± 0.15 60.9 ± 0.78 0.7 ± 0.05 14.0 ± 0.20 61.9 ± 0.21 
1800 15.1 ± 0.15 67.7 ± 0.65 0.6 ± 0.04 11.0 ± 0.16 59.0 ± 0.22 
1900 13.9 ± 0.16 71.9 ± 0.62 0.6 ± 0.04 10.1 ± 0.17 57.2 ± 0.25 
2000 12.9 ± 0.18 74.8 ± 0.61 0.6 ± 0.04 9.3 ± 0.18 55.7 ± 0.27 
2100 12.1 ± 0.18 77.3 ± 0.56 0.6 ± 0.04 8.5 ± 0.18 54.3 ± 0.28 
2200 11.4 ± 0.18 78.9 ± 0.55 0.7 ± 0.04 8.0 ± 0.18 53.2 ± 0.29 
2300 10.8 ± 0.18 80.0 ± 0.54 0.7 ± 0.04 7.5 ± 0.19 52.2 ± 0.29 
1 THI = 0.8 × ⌊(RH/100 × (dry bulb temperature - 14.4)⌋ + 46.4; Where RH = relative humidity (%); adapted from Thom 
(1959) 
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Table 3. 5: Mean (± SEM) hourly ambient temperature (TA,°C), relative humidity (RH, %), 
wind speed (WS, m/s), , black globe temperature (BGT, °C) and Temperature Humidity Index 
(THI) during Summer 3 (October 2010 to March 2011) 
Hour 
Item 
TA (°C) RH (%) WS (m/s) BGT (°C) THI
1 
0000 20.4 ± 0.08 71.9 ± 1.01 0.35 ± 0.01 16.6 ± 0.08 67.0 ± 0.14 
0100 20.1 ± 0.08 72.8 ± 1.02 0.36 ± 0.01 16.3 ± 0.08 66.6 ± 0.14 
0200 19.8 ± 0.08 73.5 ± 1.02 0.34 ± 0.01 16.1 ± 0.08 66.2 ± 0.15 
0300 19.5 ± 0.08 74.0 ± 1.03 0.33 ± 0.01 15.8 ± 0.08 65.8 ± 0.14 
0400 19.3 ± 0.08 74.3 ± 1.04 0.33 ± 0.01 15.7 ± 0.08 65.5 ± 0.15 
0500 19.2 ± 0.08 74.6 ± 1.04 0.36 ± 0.01 15.9 ± 0.08 65.4 ± 0.15 
0600 20.0 ± 0.08 74.0 ± 1.04 0.51 ± 0.01 17.8 ± 0.08 66.6 ± 0.14 
0700 21.8 ± 0.07 70.1 ± 1.00 0.77 ± 0.01 21.3 ± 0.10 69.1 ± 0.14 
0800 23.8 ± 0.07 63.3 ± 0.93 0.93 ± 0.02 25.1 ± 0.12 71.4 ± 0.14 
0900 25.4 ± 0.08 58.4 ± 0.88 1.08 ± 0.02 29.5 ± 0.16 73.1 ± 0.14 
1000 26.5 ± 0.09 55.3 ± 0.85 1.18 ± 0.02 31.5 ± 0.19 74.1 ± 0.15 
1100 27.3 ± 0.10 53.4 ± 0.84 1.32 ± 0.02 32.4 ± 0.20 74.9 ±0.16 
1200 27.9 ± 0.11 51.6 ± 0.83 1.36 ± 0.02 33.0 ± 0.22 75.4 ± 0.16 
1300 28.2 ± 0.11 50.6 ± 0.83 1.38 ± 0.02 33.0 ± 0.24 75.6 ± 0.16 
1400 28.2 ± 0.12 50.5 ± 0.84 1.39 ± 0.02 32.4 ± 0.26 75.5 ± 0.17 
1500 27.9 ± 0.13 50.7 ± 0.86 1.37 ± 0.02 31.1 ± 0.26 75.1 ± 0.17 
1600 27.3 ± 0.12 52.0 ± 0.87 1.31 ± 0.02 29.2 ± 0.24 74.5 ± 0.17 
1700 26.3 ± 0.12 54.5 ± 0.89 1.14 ± 0.02 26.2 ± 0.21 73.5 ± 0.16 
1800 24.7 ± 0.10 58.7 ± 0.92 0.81 ± 0.02 21.5 ± 0.14 72.0 ± 0.16 
1900 23.3 ± 0.09 63.2 ± 0.94 0.54 ± 0.01 19.1 ± 0.08 70.5 ± 0.15 
2000 22.4 ± 0.08 66.0 ± 0.97 0.46 ± 0.01 18.3 ± 0.08 69.5 ± 0.14 
2100 21.8 ± 0.08 67.9 ± 0.98 0.39 ± 0.01 17.8 ± 0.08 68.8 ± 0.14 
2200 21.3 ± 0.08 69.2 ± 1.00 0.40 ± 0.01 17.4 ± 0.08 68.2 ± 0.14 
2300 20.8 ± 0.08 70.5 ± 1.01 0.35 ± 0.01 16.9 ± 0.08 67.6 ± 0.14 
1 THI = 0.8 × ⌊(RH/100 × (dry bulb temperature - 14.4)⌋ + 46.4; Where RH = relative humidity (%); adapted from Thom 
(1959) 
 
3.2.4 Model Development 
Developing the DHLI encompassed three different modelling techniques;  
i) Linear regression;  
ii) Broken stick regression; and  
iii) Nonlinear logistic regression.  
The following sections describe the process that was followed and the overall conclusions. 
 
3.2.4.1 Modelling Methods  
Initially, PS data were used to describe three groups of cows 
1. Cool, proportion of cows with PS < 2 (PC);  
2. Hot, proportion of cows with PS 2 ≤ 2.5 (PH); and  
3. Very Hot, proportion of cows with PS >2.5 (PVH)  
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As expected the proportion of cows in any given group shows a logistic relationship. These data were 
plotted against the ambient conditions (TA, Figure 3.2; BGT, Figure 3.3; RH (decimal), Figure 3.4; 
and WS, Figure 3.5) recorded in the same hour as the observation was conducted. 
 
Figure 3. 3: Proportion of the herd that are cool (PC), hot (PH) and very hot (PVH) against 
ambient temperature (°C) with Loess smoother 
 
 
Figure 3. 4: Proportion of the herd that are cool (PC), hot (PH) and very hot (PVH) against 
black globe temperature (°C) with Loess smoother  
50 
 
 
Figure 3. 5: Proportion of the herd that are cool (PC), hot (PH) and very hot (PVH) against 
relative humidity (decimal) with Loess smoother 
 
  
Figure 3. 6: Proportion of herd that are cool (PC), hot (PH) and very hot (PVH) against wind 
speed (m/s) with Loess smoother 
 
The proportion of cows were then split into one of two binary groups; i) those in PC, and ii) those not 
in PC (i.e. with a PS >1). To account for the logistic relationship, these proportions were then 
linearized using the logit function; 
 
𝐿𝑜𝑔𝑖𝑡 =  log
𝑃
1 − 𝑃
 
Where; 
𝐻𝑜𝑡 (𝑜𝑟 𝑃) = (𝑃𝐻 + 𝑃𝑉𝐻) × 𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑤𝑠 𝑖𝑛 ℎ𝑒𝑟𝑑 
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And, 
𝐶𝑜𝑜𝑙 (𝑜𝑟 1 − 𝑃) = 𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑤𝑠 𝑖𝑛 ℎ𝑒𝑟𝑑 − 𝐻𝑜𝑡 
 
To account for the any zeros in the data, 0.5 was added to both sides of the equation; thus; 
 
𝐿𝑜𝑔𝑖𝑡 𝑃𝑆 = log
𝐻𝑜𝑡 + 0.5
𝐶𝑜𝑜𝑙 + 0.5
 
 
The relationship between logit PS and each of the climatic variables (TA, Figure 3.6; BGT, Figure 
3.7; RH (decimal), Figure 3.8; and WS, Figure 3.9) are presented below.  
 
 
Figure 3. 7: The relationship between logit panting score (PS) and ambient temperature (TA, 
°C) 
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Figure 3. 8: The relationship between logit panting score (PS) and black globe temperature 
(BGT, °C) 
 
 
Figure 3. 9: The relationship between logit panting score (PS) and relative humidity (RH, 
decimal) 
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Figure 3. 10: The relationship between logit panting score (PS) and wind speed (WS, m/s) 
 
When the logit PS was graphed against TA (Figure 3.6) it can be seen that there may not be an entirely 
linear trend in the data. Particularly when observing the upper and lower bounds of the data. However, 
where BGT was used it is possible to see a more linear trend (Figure 3.7). Further to this RH appears 
to show a polynomial relationship with logit PS (Figure 3.8). Wind speed does not seem to show any 
real trend at all where the bulk of the data are concentrated below 2 m/s (Figure 3.9). 
 
Given that data were collected over three summers and two winters there was a need to observe the 
trends in data over the each period where data were obtained. This was done to determine the inherent 
difference between PS and ambient conditions over these periods (Figure 3.10). This provides a 
benchmark to determine the effectiveness of any ensuing predictive models.  
 
Panting score was modelled against the trial (Summer 1, Summer 2, Summer 3, Winter 1 and Winter 
2) using the linear regression function in R (R, R Foundation for Statistical Computing, Vienna, 
Austria) to determine what impact time of year has on logit PS. Adjusted R2 and Akaike’s An 
Information Criterion (AIC) were recorded as a measure of fit of the data. The AIC provides a 
measure of the fit of the data, similar to that provided by the adjusted R2; however it may only be 
compared where models are fitted to the same data; e.g. any models fitted to the logit of PS. The 
adjusted R2 for this model was 0.3178, the AIC was 3737.737. 
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Figure 3. 11: The effect of trial on the logit of panting score (PS) across Winter 2 (W2), Summer 
1 (S1), Summer 2 (S2), Summer 3 (S3) and Winter 1 (W1).  
 
Trial, thus time of year, plays a large role in the panting score of cows (Figure 3.10). This indicates 
that there is a large effect on PS during the summer months, an outcome that is not unexpected. The 
next step was to compare the residuals of the linear model (logit PS and Trial) against the climatic 
variables (TA, Figure 3.11; BGT, Figure 3.12; RH (decimal), Figure 3.13; and WS, Figure 3.14). 
 
 
Figure 3. 12: Ambient temperature (TA, °C) versus Residuals of logit of panting score (PS) with 
Loess smoother 
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Figure 3. 13: Black globe temperature (BGT, °C) versus Residuals of logit of panting score (PS) 
with Loess smoother 
 
 
Figure 3. 14: Relative humidity (RH, decimal) versus Residuals of logit of panting score (PS) 
with Loess smoother 
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Figure 3. 15: Wind speed (m/s) versus Residuals of logit of panting score (PS) with Loess 
smoother 
 
Ambient temperature and BGT appear to form a linear trend but at a particular break point the model 
seems to over fit the data. The break point was estimated to be approximately 24 °C for TA and 
between 20 and 30 °C for BGT. Relative humidity appears to follow a generally linear trend, however 
there may be a slight polynomial effect (Figure 3.13). Once again, it seems difficult to account for 
the response of PS to WS using a linear model. To gain an appreciation of the spread of the effect of 
climatic conditions against PS during each trial, logit of PS for each trial by climatic variables were 
graphed (TA, Figure 3.15; BGT, Figure 3.16; RH (decimal), Figure 3.17; and WS, Figure 3.18). 
Additionally the residuals of logit of panting score for each trial period by climatic variables were 
graphed (TA, Figure 3.19; BGT, Figure 3.20; RH (decimal), Figure 3.21; and WS, Figure 3.22). 
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Figure 3. 16: Logit of panting score (PS) of Winter 2 (W2), Summer 1 (S1), Summer 2 (S2), 
Summer 3 (S3) and Winter 1 (W1) by ambient temperature (TA, °C) 
 
 
Figure 3. 17: Logit of panting score (PS) of Winter 2 (W2), Summer 1 (S1), Summer 2 (S2), 
Summer 3 (S3) and Winter 1 (W1) by black globe temperature (BGT, °C) 
 
58 
 
 
Figure 3. 18: Logit of panting score (PS) of Winter 2 (W2), Summer 1 (S1), Summer 2 (S2), 
Summer 3 (S3) and Winter 1 (W1) by relative humidity (RH, decimal) 
 
 
Figure 3. 19: Logit of panting score (PS) of Winter 2 (W2), Summer 1 (S1), Summer 2 (S2), 
Summer 3 (S3) and Winter 1 (W1) by wind speed (WS, m/s) 
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Figure 3. 20: The residual of logit of panting score (PS) by ambient temperature (TA, °C) for 
Winter 2 (W2), Summer 1 (S1), Summer 2 (S2), Summer 3 (S3) and Winter 1 (W1) 
 
 
Figure 3. 21: The residual of logit of panting score (PS) by black globe temperature (BGT, °C) 
for Winter 2 (W2), Summer 1 (S1), Summer 2 (S2), Summer 3 (S3) and Winter 1 (W1) 
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Figure 3. 22: The residual of logit of panting score (PS) by relative humidity (RH, decimal) for 
Winter 2 (W2), Summer 1 (S1), Summer 2 (S2), Summer 3 (S3) and Winter 1 (W1) 
 
 
Figure 3. 23: The residual of logit of panting score (PS) by wind speed (WS, m/s) for Winter 2 
(W2), Summer 1 (S1), Summer 2 (S2), Summer 3 (S3) and Winter 1 (W1) 
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There is an effect of trial on each of the climatic variables and their effect on panting score. There 
appears to be a break point in PS based on TA and BGT. This is emphasized with PS in the winter 
trials, as compared to summer, when looking at the residuals. This highlights the effectiveness of 
using winter data in finding the potential lower bound of heat load in dairy cows. Furthermore, there 
does not appear to be a linear relationship between TA and BGT during Summer 2 and Summer 3. 
Indicating that a simple linear model may not be an effective way to determine the effect of 
temperature on PS. 
 
The logit transformation to undertake simple logistic regression at first seemed to be a relatively clear 
way of determining the effect of climatic conditions on heat load; however it lacks the ability to 
distinguish the difference between PH and PVH cows. This becomes important in times of high heat 
load, where cows with high panting scores become more prevalent. One such way of measuring these 
animals is to utilise MPS, as described by Gaughan et al. (2008b). Using MPS allows for a more 
refined look at heat load as opposed to the binary nature of the logit transform. The added advantage 
of utilising MPS is the ease of working with an average figure that does not need to be transformed 
prior to use in analysis. 
 
Mean panting scores were compared against the climatic variables (TA, Figure 3.23; BGT, Figure 
3.24; RH (decimal), Figure 3.25; and WS, Figure 3.26). Unsurprisingly, MPS and logit PS both 
behave very similarly when compared to the ambient conditions.  
 
The adjusted R2 value was 0.3947 and the AIC was 1189.741. Given a different variable is being 
used, the AIC cannot be compared to that of the logit of PS model, however it can already be 
determined that the MPS model produces a higher adjusted R2 value than the PS logit model (R2 = 
0.3178) 
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Figure 3. 24: The relationship between mean panting score (MPS) and ambient temperature 
(TA, °C)  
 
 
Figure 3. 25: The relationship between mean panting score (MPS) and black globe temperature 
(BGT, °C) 
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Figure 3. 26: The relationship between mean panting score (MPS) and relative humidity (RH, 
decimal) 
 
 
Figure 3. 27: The relationship between mean panting score (MPS) and wind speed (WS, m/s) 
 
Given data were collected over three summers and two winters there was a need to observe the data 
over the data trials. This was done to determine the inherent difference between MPS and ambient 
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conditions over these periods (Figure 3.27). Unsurprisingly, MPS and logit PS both behave very 
similarly when compared to the climatic variables (TA, Figure 3.28; BGT, Figure 3.29; RH (decimal), 
Figure 3.30; and WS, Figure 3.31). The effect of trial was then looked at by displaying the residuals 
for MPS and trial by the climatic variables (TA, Figure 3.32; BGT, Figure 3.33; RH (decimal), Figure 
3.34; and WS, Figure 3.35). 
 
 
Figure 3. 28: The effect of trial on the mean panting score (MPS) across Winter 2 (W2), Summer 
1 (S1), Summer 2 (S2), Summer 3 (S3) and Winter 1 (W1) 
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Figure 3. 29: Residual mean panting score (MPS) of Winter 2 (W2), Summer 1 (S1), Summer 2 
(S2), Summer 3 (S3) and Winter 1 (W1) by ambient temperature (TA, °C) 
 
 
Figure 3. 30: Residual mean panting score (MPS) of Winter 2 (W2), Summer 1 (S1), Summer 2 
(S2), Summer 3 (S3) and Winter 1 (W1) by black globe temperature (BGT, °C) 
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Figure 3. 31: Residual mean panting score (MPS) of Winter 2 (W2), Summer 1 (S1), Summer 2 
(S2), Summer 3 (S3) and Winter 1 (W1) by relative humidity (RH, decimal) 
 
 
Figure 3. 32: Residual mean panting score (MPS) of Winter 2 (W2), Summer 1 (S1), Summer 2 
(S2), Summer 3 (S3) and Winter 1 (W1) by wind speed (WS, m/s) 
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Figure 3. 33: The residual of logit of mean panting score (MPS) by ambient temperature (TA, 
°C) for Winter 2 (W2), Summer 1 (S1), Summer 2 (S2), Summer 3 (S3) and Winter 1 (W1) 
 
  
Figure 3. 34: The residual of logit of mean panting score (MPS) by black globe temperature 
(BGT, °C) for Winter 2 (W2), Summer 1 (S1), Summer 2 (S2), Summer 3 (S3) and Winter 1 
(W1) 
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Figure 3. 35: The residual of logit of mean panting score (MPS) by relative humidity (RH, 
decimal) for Winter 2 (W2), Summer 1 (S1), Summer 2 (S2), Summer 3 (S3) and Winter 1 (W1) 
 
  
Figure 3. 36: The residual of logit of mean panting score (MPS) by wind speed (WS, m/s) for 
Winter 2 (W2), Summer 1 (S1), Summer 2 (S2), Summer 3 (S3) and Winter 1 (W1) 
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3.2.4.1.1 Linear Modelling 
Although the residuals of logit of panting score and the mean panting score did not always display a 
linear relationship, the data were modelled using the linear regression function in R (R, R Foundation 
for Statistical Computing, Vienna, Austria). This was done for two reasons; (i) to determine the 
effectiveness of a simple linear model in predicting the effect of hot climatic conditions on heat load; 
and (ii) to mirror the model structure of the THI equation that was utilized throughout the experiments 
to allow for comparison between the THI and the model developed. The regression equations 
alongside the adjusted R2 and AIC values for logit PS (Table 3.6) and MPS are displayed below 
(Table 3.7) 
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Table 3. 6: Predicting logit of Panting Score (PS) using the climatic variables ambient temperature (TA, °C), relative humidity (RH, decimal), 
wind speed (WS, m/s), Black Goble Temperature (BGT, °C) and Temperature Humidity Index (THI) 
Variables Logit PS regression equation Adj R2 AIC 
TA***
 -9.5288356 + 0.2807558 × TA 0.4433 3554.323 
TA***, RH*** -12.1174947 + 0.3148574 × TA + 2.8426532 × RH 0.4651 3519.963 
TA***, RH***, WS
 -12.42846057 + 0.31817839 × TA + 3.06323191× RH + 0.07757984 × WS 0.4649 3521.226 
TA***, RH***, TA:RH** -14.9817362 + 0.4306433 × TA + 7.1482738 × RH - 0.1787330 × TA × RH 0.4703 3512.221 
TA***, RH, RH
2 -11.2174845 + 0.3188151 × TA – 0.7116624 × RH + 2.9779038 × RH2 0.4657 3519.976 
TA***, RH**, RH
2 **, RH3 ** -16.1062052 + 0.3233028 × TA + 27.0941782 × RH – 47.3054304 × RH2 + 28.5774526 × RH3 0.4706 3512.735 
TA*, TA
2 ***, RH* -7.75736478 – 0.14673860 × TA + 0.01052825 × TA 2 + 3.27164720 × RH 0.5066 3449.367 
TA***, TA
 2 ***, TA
 3 ***, RH* -4.350573803 – 0.684805652 × TA + 0.037360576 × TA 2 – 0.000414159 × TA 3 + 2.957112468 × RH 0.5098 3444.518 
BGT*** -8.2498209 + 0.1994767 × BGT 0.4584 3530.011 
BGT***, RH*** -12.3264564 + 0.2440878 v BGT + 4.5738430 × RH 0.5097 3442.709 
BGT***, RH***, WS -12.51783744 + 0.24553671 × BGT + 4.72084301 × RH + 0.04984748 × WS 0.5093 3444.371 
BGT***, WS*** -7.8772251 + 0.1993829 × BGT – 0.3076986 × WS 0.4669 3516.913 
BGT***, RH***, BGT:RH* -14.2015871 + 0.3091847 × BGT + 7.3991394 × RH – 0.1018049 × BGT.RH 0.5124 3438.889 
BGT2***, RH*** -9.293988523 + 0.004513308 × BGT2 + 4.501843170 × RH 0.5237 3417.012 
BGT2***, RH***, RH2 -10.131572807 + 0.004488502 × BGT + 7.535854980 × RH – 2.523902064 × RH2 0.5241 3417.345 
THI*** -17.4442896 + 0.2061586 × THI 0.4423 3555.955 
*** P < 0.001; ** P < 0.01; * P < 0.05 
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Table 3. 7: Predicting mean panting score (MPS) using the climatic variables ambient temperature (TA, °C), relative humidity (RH, decimal), 
wind speed (WS, m/s), black globe temperature (BGT, °C) and Temperature Humidity Index (THI) 
Variables Mean panting score regression equation Adj R2 AIC 
TA
*** -0.93552890 + 0.07084804 × TA 0.4429 1113.171 
TA
***, RH** -1.5065067 + 0.0783698 × TA + 0.6270010 × RH 0.4593 1087.577 
TA
***, RH**, WS  -1.58831481 + 0.07924347 × TA + 0.68503029 × RH + 0.02040950 × WS 0.4592 1088.785 
TA
***, RH***, TA:RH
** -2.24436611 + 0.10819749 × TA + 1.73617515 × RH – 0.04604353 × TA × RH 0.4648 1079.540 
TA
 2***, RH*** -0.774336658 + 0.001794309 × TA
2 + 0.705768454 × RH 0.4817 1050.092 
BGT*** -0.63962360 + 0.05127324 × BGT 0.4752 1060.256 
BGT***, RH*** -1.61640003 + 0.06196222 × BGT + 1.09590911 × RH 0.5213 979.556 
BGT***, RH***, WS -1.68256787 + 0.06246318 × BGT + 1.14673272 × RH + 0.01723421 × WS 0.5211 980.908 
BGT***, WS○ -0.55532387 + 0.05125204 × BGT – 0.06961676 × WS 0.4819 1049.762 
BGT***, RH***, BGT:RH** -2.17036925 + 0.08119380 × BGT + 1.93058549 × RH – 0.03007618 × BGT × RH 0.5252 973.384 
BGT***, BGT2***, RH*** -1.2023506315 + 0.0272690261 × BGT + 0.0006503288 × BGT2 + 1.1005727396 × RH 0.5296 965.182 
THI*** -2.915057 + 0.051776 × THI 0.4377 1121.461 
*** P < 0.001; ** P < 0.01; * P < 0.05; ○ P < 0.1 
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The adjusted R2 and AIC values described above (Tables 3.6 and 3.7) it can be seen that BGT and 
RH were the two major climatic drivers of panting score in this experiment. This somewhat conflicts 
with the THI, as it utilises TA. Both the logit PS and MPS models outperformed the THI (𝑅𝐴𝐷𝐽
2  = 
0.4423 and AIC = 3555.955 for logit PS; 𝑅𝐴𝐷𝐽
2  = 0.4377 and AIC = 1121.461 for MPS) in their ability 
to predict heat load in dairy cows housed outside in a sub-tropical environment. This appears to be 
driven by BGT; which given the nature of the cows housing is not an unwarranted assumption. Solar 
load and WS both influence BGT. Thus BGT may provide a more accurate indication of the effect of 
the current conditions a cow may be experiencing. Ambient temperature is sheltered from these 
climatic effects and it becomes a less dynamic measure under field conditions. 
 
By using simple linear regression it can be seen that one of the best predictors of logit PS in cows 
housed outside in a sub-tropical environment are BGT2 and RH. The best predictors of MPS are BGT 
and RH (𝑅𝐴𝐷𝐽
2  = 0.5237, AIC = 3417.012; and 𝑅𝐴𝐷𝐽
2  = 0.5213, AIC = 979.556 respectively). As 
polynomials were added, very little accuracy was added to the model in the form of increasing R2 
values or decreasing AIC.  
 
Thus the best model using logit PS is; 
 
𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑜𝑤𝑠 =  
1
1 + 𝑒−𝐿𝑜𝑔𝑖𝑡 𝑃𝑆
 
 
Where;  
𝐿𝑜𝑔𝑖𝑡 𝑃𝑆 =  −9.293988523 + 0.004513308 × 𝐵𝐺𝑇2 + 4.501843170 × 𝑅𝐻 
 
And the best model for predicting MPS is; 
 
MPS = −1.61640003 +  0.06196222 × BGT +  1.09590911 × RH 
Where:  
 
Logit PS = the logit transformation of panting score; BGT = black globe temperature (°C); RH = relative 
humidity (as a decimal); MPS = mean panting score 
 
There were very little differences between the two models and their ability to predict either the 
proportion of hot cows in the herd at any given moment (logit PS) or the average panting score of the 
herd at a given time (MPS). It was concluded that model based on MPS would be the best to use. The 
rationale behind using a model based on MPS included;  
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i) MPS is easily calculated and has the ability to more accurately account for cows in the higher 
PS range (PS ≥ 3); and 
ii) Gaughan et al. (2008b) used MPS in the development of the HLI for feedlot cattle; which is 
currently utilised within the Australian feedlot industry as a measure of heat load 
The model produces a unit value that can be associated with a stress category index (Figure 3.36). In 
order to simplify the model, it was converted into a scale by selecting a reference minimum and 
maximum that was a reasonable representation of the climatic conditions in the trial region (Figure 
3.36). A BGT range from -2.5 °C to 60 °C; and a RH range between 0 % and 100 % RH maximum 
(decimal) were chosen. From these, the minimum calculated value was -1.771 and the maximum was 
3.197. The values were then converted to a scale that would read from 0 to 100, where 0 is no panting 
and 100 would be maximum panting, i.e. the whole herd would be a PS 4.5 (Figure 3.36).  
 
Figure 3. 37: Model visualiser of a potential Dairy Heat Load Index (DHLI) as described by the 
linear model based on mean panting score (MPS; MPS = 1.61640003 + 0.06196222 × BGT + 
1.09590911 × RH) 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-2.5 0 2 4 7 9 11 13 15 18 20 22
0 3 5 8 10 12 14 16 19 21 23 25
2.5 6 8 11 13 15 17 19 22 24 26 28
5 9 12 14 16 18 20 23 25 27 29 31
7.5 12 15 17 19 21 23 26 28 30 32 35
10 16 18 20 22 24 27 29 31 33 35 38
12.5 19 21 23 25 28 30 32 34 36 39 41
15 22 24 26 28 31 33 35 37 39 42 44
17.5 25 27 29 32 34 36 38 40 43 45 47
20 28 30 32 35 37 39 41 43 46 48 50
22.5 31 33 36 38 40 42 44 47 49 51 53
25 34 37 39 41 43 45 48 50 52 54 56
27.5 37 40 42 44 46 48 51 53 55 57 59
30 41 43 45 47 49 52 54 56 58 60 63
32.5 44 46 48 50 52 55 57 59 61 63 66
35 47 49 51 53 56 58 60 62 64 67 69
37.5 50 52 54 57 59 61 63 65 68 70 72
40 53 55 57 60 62 64 66 68 71 73 75
42.5 56 58 61 63 65 67 69 72 74 76 78
45 59 61 64 66 68 70 72 75 77 79 81
47.5 62 65 67 69 71 73 76 78 80 82 84
50 65 68 70 72 74 77 79 81 83 85 88
52.5 69 71 73 75 77 80 82 84 86 88 91
55 72 74 76 78 81 83 85 87 89 92 94
57.5 75 77 79 81 84 86 88 90 92 95 97
60 78 80 82 85 87 89 91 93 96 98 100
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3.2.4.1.2 Segmented Modelling  
The previous modelling provided a simplistic approach to providing a dairy heat load index. When 
PS data were graphed against TA and BGT it was noticed that there appeared to be a positive 
correlation at particular break points. For TA this was at approximately 20 °C, and for BGT it was 
approximately 15 °C. Furthermore, other models such as the HLI for feedlot cattle (Gaughan et al., 
2008b) utilised a piecewise function. By using the Segmented package (Muggeo, 2003, Muggeo, 
2008) it was possible to determine where these breakpoints might lie. Thus indicating a potential 
stress threshold value.  
 
Segmented provides the user with the ability to estimate the linear and generalized linear models of 
data that includes at least one break point (Muggeo, 2003, Muggeo, 2008). Once the package is 
provided with a data set and an estimated start point it utilises an iterative procedure to work towards 
an estimated break point, along with a standard error (Muggeo, 2003, Muggeo, 2008). The broken 
stick method was utilised to determine if it could improve the accuracy of predicting MPS based on 
the BGT and RH linear model.  
 
The estimated break points were determined based on the raw data. A comparison of the estimated 
break points are described below for the models based on i) logit of panting score (Table 3.8; Figure 
3.37) and ii) mean panting score (Table 3.9; Figure 3.38). The possible conclusions can be determined 
from these results 
i) The MPS equation provides a better estimator of PS as denoted by the adjusted R2 value; and  
ii)  The broken line models reduce the amount of variation, such that the residual standard error 
and AIC are less in both equations, thus adjusted R2 value is increased 
The residuals versus fits for these models indicate that by using the broken line models the outcome 
suggests that the data is linear, indicating a better fitting model (Linear model of Logit of PS against 
BGT and RH, Figure 3.38; Broken line model of Logit of PS against BGT and RH, Figure 3.39; 
Linear model of MPS against BGT and RH, Figure 3.40; Broken line model of MPS against BGT 
and RH, Figure 3.41). 
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Table 3. 8: Effect of estimating segmented relationships on strength of logit Panting Score (PS) 
model (Logit PS= -9.293988523 + 0.004513308 × BGT2 + 4.501843170 × RH) 
Model BGT ± SE RH ± SE Resid SE 𝑹𝒂𝒅𝒋
𝟐  AIC 
Linear - - 1.680 0.5097 3442.709 
Segmented 19.923 ± 1.440** 0.895 ± 0.017*** 1.651 0.5266 3415.525 
*** P < 0.001; ** P < 0.01 
 
Table 3. 9: Effect of estimating segmented relationships on strength of mean panting score 
(MPS) model (MPS = 1.61640003 + 0.06196222 × BGT + 1.09590911 × RH) 
Model BGT ± SE RH ± SE Resid SE 𝑹𝒂𝒅𝒋
𝟐  AIC 
Linear - - 0.4191 0.5213 979.5565 
Segmented 20.633 ± 1.769*** 0.889 ± 0.025*** 0.4147 0.5313 964.8466 
*** P < 0.001 
 
 
Figure 3. 38: Segmented model of Logit of panting score (PS) based on the model utilising black 
globe temperature (BGT, °C) and relative humidity (RH, decimal) with an estimated 
breakpoint of 19.92 ± 1.44 °C 
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Figure 3. 39: Segmented model of mean panting score (MPS) based on the model utilising black 
globe temperature (BGT, °C) and relative humidity (RH, decimal), with an estimated 
breakpoint of 20.63 ± 1.75 °C 
 
 
Figure 3. 40: Residuals versus Fits of the linear model of Logit of panting score (PS) against 
black globe temperature (BGT, °C) and relative humidity (RH, decimal) 
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Figure 3. 41: Residuals versus Fits of the broken line model of Logit of panting score (PS) 
against black globe temperature (BGT, °C) and relative humidity (RH, decimal) 
 
 
Figure 3. 42: Residuals versus Fits of the linear model of mean panting score (MPS) against 
black globe temperature (BGT, °C) and relative humidity (RH, decimal) 
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Figure 3. 43: Residuals versus Fits of the broken line model of mean panting score (MPS) 
against black globe temperature (BGT, °C) and relative humidity (RH, decimal) 
 
3.2.4.1.3 Nonlinear Logistic Growth Curve Modelling  
While using the broken line method of curve fitting gave a satisfactory result, it was decided that a 
nonlinear method of modelling should be attempted to establish whether or not this would better 
account for any variation still incurred. By utilising the work of Archontoulis and Miguez (2015) it 
was determined that the data followed a sigmoid function, in this case a logistic growth curve (Figures 
3.23 and 3.24). Furthermore, by using MPS there is the underlying assumption that a logistic growth 
curve is present. This is evident in the way that MPS is measured; i.e. on a scale of 0 to 4.5. All 
animals have the ability to be a PS 0, and all animals, however unlikely, will only ever get to a PS 
4.5. Moreover, the use of a logistic growth curve allows for the model to account for low panting 
scores during the winter months, thus creating a model that is useful throughout the year, not only 
during the summer months. 
 
The equation for a logistic function is as follows; 
 
𝑃 =
𝑦𝑚𝑎𝑥
(1 +  𝑒−𝜃)
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Where; 
𝜃 =  −(𝛽0 +  𝛽1𝑥) 
 
This, in the instance where we are modelling BGT + RH, becomes; 
 
𝜃 =  −(𝛽0 +  𝛽1𝐵𝐺𝑇 + 𝛽2𝑅𝐻) 
 
The nls() package in R was utilised to complete this analysis (R, R Foundation for Statistical 
Computing, Vienna, Austria) and the resulting equation was gained from the analysis; 
 
𝑀𝑃𝑆 =
1.681813
(1 +  𝑒−𝜃)
 
 
𝜃 =  −(−8.50749 +  0.206159 × 𝐵𝐺𝑇 + 4.088399 × 𝑅𝐻) 
 
Comparisons to the previous MPS models shows there was an overall increase in the accuracy of the 
model (Table 3.10). Furthermore, when the residuals and fitted values were graphed the loess 
smoother displays a vast reduction in the variation of the variables (Figure 3.43). 
 
Table 3. 10: Residual Standard Error (Resid SE), Adjusted R2 (𝑹𝒂𝒅𝒋
𝟐 ) and Akaike’s An 
Information Criterion (AIC) values of the Linear, Segmented and Logistic mean panting score 
(MPS) models  
Model Resid SE 𝑹𝒂𝒅𝒋
𝟐  AIC 
Linear 0.4191 0.5213 979.5565 
Segmented 0.4147 0.5313 964.8466 
Logistic 0.4100 0.5420 941.7066 
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Figure 3. 44: Residuals versus Fits of the logistic growth curve model of mean panting score 
(MPS) against black globe temperature (BGT, °C) and relative humidity (RH, decimal) 
 
Therefore the Dairy Heat Load Index (DHLI) is; 
 
𝐷𝐻𝐿𝐼 =
1.681813
(1 +  𝑒−(−8.50749+ 0.206159∗𝐵𝐺𝑇+4.088399∗𝑅𝐻))
 
 
Where BGT = black globe temperature (°C); and RH = relative humidity (decimal) 
 
The DHLI model calculates a unit value that can be associated with a stress category index (Figure 
3.44). In order to simplify the model, it was converted into a scale by selecting a reference minimum 
and maximum that was a reasonable representation of the data collected for this experiment. A BGT 
range from -2.5 °C to 60 °C; and a RH range between 0 % and 100 % RH maximum (decimal) were 
chosen. From these, the minimum calculated value was 0.0002 and the maximum was 1.6812. These 
values were then converted to a scale that would read from 0 to 100, where 0 is no panting and 100 
would be maximum panting (Figure 3.45).  
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Therefore the transformation becomes;  
𝐷𝐻𝐿𝐼 =
(
1.681813
(1 +  𝑒−(−8.50749+ 0.206159∗𝐵𝐺𝑇+4.088399∗𝑅𝐻))
) − 0.0002
1.6812 − 0.0002
 × 100  
  
Where BGT = black globe temperature (°C); and RH = relative humidity (decimal) 
 
 
Figure 3. 45: Dairy Heat Load Index (DHLI) model based on mean panting score (MPS)  
 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-2.5 0.0002 0.0003 0.0005 0.0007 0.0010 0.0016 0.0024 0.0035 0.0053 0.0080 0.0120
0.0 0.0003 0.0005 0.0008 0.0012 0.0017 0.0026 0.0039 0.0059 0.0089 0.0134 0.0200
2.5 0.0006 0.0009 0.0013 0.0019 0.0029 0.0044 0.0066 0.0099 0.0148 0.0222 0.0332
5.0 0.0010 0.0014 0.0022 0.0032 0.0049 0.0073 0.0110 0.0165 0.0247 0.0369 0.0549
7.5 0.0016 0.0024 0.0036 0.0054 0.0081 0.0122 0.0183 0.0274 0.0410 0.0609 0.0900
10.0 0.0027 0.0040 0.0060 0.0091 0.0136 0.0204 0.0305 0.0454 0.0675 0.0995 0.1454
12.5 0.0045 0.0067 0.0101 0.0151 0.0226 0.0338 0.0504 0.0747 0.1100 0.1602 0.2301
15.0 0.0074 0.0112 0.0168 0.0251 0.0375 0.0559 0.0827 0.1214 0.1763 0.2521 0.3527
17.5 0.0124 0.0186 0.0279 0.0417 0.0619 0.0915 0.1340 0.1939 0.2758 0.3833 0.5173
20.0 0.0207 0.0310 0.0462 0.0686 0.1012 0.1478 0.2129 0.3012 0.4157 0.5563 0.7174
22.5 0.0344 0.0512 0.0760 0.1118 0.1628 0.2336 0.3285 0.4500 0.5966 0.7615 0.9328
25.0 0.0568 0.0841 0.1234 0.1791 0.2558 0.3576 0.4860 0.6383 0.8061 0.9768 1.1367
27.5 0.0930 0.1362 0.1969 0.2798 0.3885 0.5236 0.6810 0.8509 1.0200 1.1752 1.3074
30.0 0.1501 0.2162 0.3055 0.4212 0.5628 0.7246 0.8956 1.0623 1.2121 1.3375 1.4361
32.5 0.2371 0.3331 0.4557 0.6033 0.7688 0.9400 1.1033 1.2473 1.3657 1.4577 1.5259
35.0 0.3625 0.4920 0.6452 0.8134 0.9839 1.1431 1.2808 1.3922 1.4776 1.5403 1.5851
37.5 0.5299 0.6880 0.8582 1.0270 1.1813 1.3124 1.4168 1.4959 1.5535 1.5944 1.6227
40.0 0.7317 0.9029 1.0691 1.2180 1.3422 1.4398 1.5128 1.5656 1.6028 1.6285 1.6460
42.5 0.9472 1.1099 1.2529 1.3702 1.4610 1.5283 1.5766 1.6104 1.6337 1.6495 1.6602
45.0 1.1494 1.2860 1.3963 1.4807 1.5426 1.5867 1.6174 1.6384 1.6527 1.6624 1.6689
47.5 1.3174 1.4207 1.4988 1.5556 1.5958 1.6237 1.6427 1.6556 1.6643 1.6702 1.6740
50.0 1.4433 1.5155 1.5675 1.6041 1.6293 1.6466 1.6582 1.6661 1.6713 1.6748 1.6772
52.5 1.5308 1.5783 1.6116 1.6345 1.6501 1.6606 1.6677 1.6724 1.6755 1.6776 1.6790
55.0 1.5882 1.6184 1.6392 1.6532 1.6627 1.6691 1.6733 1.6762 1.6781 1.6793 1.6802
57.5 1.6246 1.6434 1.6561 1.6646 1.6704 1.6742 1.6767 1.6784 1.6796 1.6803 1.6808
60.0 1.6472 1.6586 1.6663 1.6715 1.6750 1.6772 1.6788 1.6798 1.6805 1.6809 1.6812
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Figure 3. 46: Transformed Dairy Heat Load Index (DHLI)  
 
3.3 Conclusions 
Climatic models have been utilised to predict the level of heat stress that an animal, or person, is 
experiencing. Further to this these models have been extensively used as research and management 
tools (Brown-Brandl et al., 2005a). Early indices used a combination of TA and water vapour, as RH, 
dew point temperature (°C) or wet bulb temperature (°C), primarily the THI. Where the THI has had 
extensive use within the Australian dairy industry. The THI is a useful predictor of heat stress in dairy 
cows, however the major the criticism is that the model does not account for WS and/or SR which 
are both known to be key drivers of the thermal exchange mechanisms (Gaughan et al., 2008b).  
 
As a minimum thermal prediction models should contain a current weather parameter such as TA; 
RH, WS or SR (Brown-Brandl et al., 2005b). Further to this Scharf et al. (2011) suggested that an 
indicator of an animals thermal comfort should also be incorporated in conjunction with ambient 
climatic conditions. By combining climatic conditions and animal comfort the predicting model may 
become a more accurate representation of the impact of heat stress. Therefore the DHLI model 
developed here has the potential to become a better heat stress predictive model to date for lactating 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-2.5 0 0 0 0 0 0 0 0 0 0 1
0.0 0 0 0 0 0 0 0 0 1 1 1
2.5 0 0 0 0 0 0 0 1 1 1 2
5.0 0 0 0 0 0 0 1 1 1 2 3
7.5 0 0 0 0 0 1 1 2 2 4 5
10.0 0 0 0 1 1 1 2 3 4 6 9
12.5 0 0 1 1 1 2 3 4 7 10 14
15.0 0 1 1 1 2 3 5 7 10 15 21
17.5 1 1 2 2 4 5 8 12 16 23 31
20.0 1 2 3 4 6 9 13 18 25 33 43
22.5 2 3 5 7 10 14 20 27 35 45 55
25.0 3 5 7 11 15 21 29 38 48 58 68
27.5 6 8 12 17 23 31 40 51 61 70 78
30.0 9 13 18 25 33 43 53 63 72 80 85
32.5 14 20 27 36 46 56 66 74 81 87 91
35.0 22 29 38 48 59 68 76 83 88 92 94
37.5 32 41 51 61 70 78 84 89 92 95 97
40.0 44 54 64 72 80 86 90 93 95 97 98
42.5 56 66 75 81 87 91 94 96 97 98 99
45.0 68 76 83 88 92 94 96 97 98 99 99
47.5 78 85 89 93 95 97 98 98 99 99 100
50.0 86 90 93 95 97 98 99 99 99 100 100
52.5 91 94 96 97 98 99 99 99 100 100 100
55.0 94 96 97 98 99 99 100 100 100 100 100
57.5 97 98 99 99 99 100 100 100 100 100 100
60.0 98 99 99 99 100 100 100 100 100 100 100
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dairy cows, when compared to the THI. However it must be considered that it is inherently difficult 
to predict the response of cattle to heat load.  
 
The best model from these data is only able to account for 54.2 % of the variation observed. The 
nonlinear logistic growth curve was determined to be the best predictor of mean panting score of all 
of the models tested. Similar coefficients of determination and AIC values were seen in the linear 
models of BGT and RH. While there may be a linear component to the response cattle have to hot 
climatic conditions, there still remains the upper and lower levels of the response that is not well 
accounted for linearly. The logistic regression model is a more appropriate model to use given the 
nature of PS in cows. Where PS is based on a scale with a lower (PS = 0) and upper (PS = 4.5) limit, 
i.e. a cow can only be observed as a PS 0 through to a PS 4.5 (Brown-Brandl et al., 2006b, Mader et 
al., 2006, Gaughan et al., 2008b, Gaughan and Mader, 2014). 
 
The nonlinear logistic growth curve is only able to account for 54.2 % of the variation observed. As 
expected there are numerous factors influence an animal’s ability to cope with hot climatic conditions. 
These include variables such as milk yield (Berman, 2005); days in milk (Sharma et al., 1988, 
McDowell et al., 1976, Sharma et al., 1983); physiological status (West, 2003, Soriani et al., 2013); 
feed type (Beatty et al., 2008, Brown-Brandl et al., 2005a); and availability of cooling mechanisms 
such as shade, sprinklers and forced ventilation (Sanchez et al., 1994, West, 2003, Avendaño-Reyes 
et al., 2010). Due to the complex nature of the interactions between lactating cows and their thermal 
environment, there is a requirement for any new climatic model to predict, with as much accuracy as 
possible, the effect of heat load conditions on the type animal within its scope, in this case lactating 
dairy cows. Therefore it is imperative that the background information is a true representation of the 
population (Scharf et al., 2011), to ensure that the predictive outcomes of the model are adequately 
accurate at describing the level of heat stress on the herd.  
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Chapter 4 
The effect of a sub-tropical environment on cow behaviour, body temperature 
and milk yield and composition 
 
Experimental Hypothesis: The Dairy Heat Load Index (DHLI) will be a better predictor of the effects of hot 
climatic conditions than the Temperature Humidity Index (THI) for lactating dairy cows housed outside in a 
sub-tropical climate  
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4.1 Introduction  
Many temperate dairy regions in Australia experience negative impacts from heat load throughout 
the summer months (Mayer et al., 1999). However in sub-tropical and tropical climates cows may be 
exposed to heat stress year round (Buffington et al., 1981). Lambertz et al. (2014) concluded that 
cows were not only experiencing heat stress during the summer months but also throughout spring 
and autumn. The thermal environment influences an animals’ ability to reach its predicted genetic 
potential (Ames et al., 1980, Johnson, 1987); alongside the biological environment (Johnson, 1987). 
Reductions in dry matter intake, growth, feed conversion efficiency (Brown-Brandl et al., 2006b, 
Eigenberg et al., 2005, Brown-Brandl et al., 2005a); reproduction (Jordan, 2003); milk production, 
and milk quality are observed when an animal is under thermal stress (West, 2003, Rhoads et al., 
2009).  
 
When animals experience challenging climatic conditions, i.e. those which are outside of the animal’s 
thermoneutral zone, the immediate response is self-preservation characteristically at the cost of 
production (DeShazer et al., 2009). The impact on production and fertility ultimately culminates in 
significant financial losses within the dairy industry globally (St-Pierre et al., 2003). Additionally, 
under severe circumstances, mortalities may occur (Bushby and Loy, 1997, Hahn, 1999, Entwistle et 
al., 2000, Gaughan, 2002, Brown-Brandl et al., 2006b, Brown-Brandl et al., 2006a). 
 
In order to implement appropriate abatement strategies predictive models of the effects of climatic 
stress on animals are required. There are a number of thermal indices designed to describe the effect 
of climatic conditions on animals. The Temperature-Humidity Index (THI) is predominantly used 
within the Australian dairy industry. However, it is widely accepted that the THI is limited, in that it 
does not account for solar radiation (SR, W/m2) or wind speed (WS, m/s) (Gaughan et al., 2008b); 
which are both known to be key drivers of the thermal exchange mechanisms. Furthermore climatic 
models predict that there will be an increase in ambient conditions as well as increased prevalence 
and severity of heat wave events (Solomon et al., 2007).  
 
The THI is a useful predictor of heat stress for animals housed in a controlled environment, but one 
of the criticisms of the THI is that it does not account for WS or SR. Due to the potential limitations 
of the THI, a new Dairy Heat Load Index (DHLI) was developed (Chapter 3). For the DHLI to be 
considered as a viable model, it needs to be compared to other validated models, i.e. THI, if it is to 
be applicable for use within the commercial dairy industry. Therefore the objectives of this 
experiment were to;  
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i) Determine the effect of hot climatic conditions on cow welfare and production of lactating 
dairy cows housed outside in a sub-tropical environment; and,  
ii) Compare the THI and DHLI as predictors of heat load in lactating dairy cows housed outside 
in a sub-tropical environment.  
 
4.2 Materials and Methods 
Approval for the use of animals within this experiment was obtained from The University of 
Queensland Animal Ethics Committee (AEC approval number SAS/505/09/DAFF). The experiment 
was undertaken in Southeast Queensland, Australia, at UQ (27.54 °S, 152.34 °E; 100 m above mean 
sea level) research dairy during the southern hemisphere summer over 154 days (October to March). 
During the summer the location is characterized by a hot, humid sub-tropical climate.  
 
4.2.1 Animals  
Forty primiparous (n = 25) and multiparous (n = 15) early lactation (0 ≤ 50 days in milk, DIM) 
Holstein Friesian cows were selected by DIM at the commencement of the experiment. The forty 
head were a representative group of the larger milking herd; which fluctuated between 130 and 180 
cows over the duration of the experiment. Cows were managed as a single group within the larger 
herd. Two cows were removed from the trial, one on d 76 due to premature drying off and the other 
was euthanized on d 91 due to Staphylococcus aureus.  
 
4.2.2 Behavioural Observations  
Observational data were obtained daily on each individual cow (n = 40) at three time points (0800 h; 
1200 h; and 1830 h). Panting score (PS); respiration rate (RR; bpm); shade utilisation; activity; and 
posture were collected at each observation. See below for methodology. 
 
4.2.2.1 Animal Activity 
Animal activity was determined by recording the activity a cow was undertaking at the time of 
observation. Cow location was described in situ as under shade or in sun. Utilisation of shade was 
defined as ≥ 50 % of the body covered by shade, as described by Kendall et al. (2006). Feeding was 
defined as the animal standing at the feed pad with their head in the bunk actively eating (Mitlöhner 
et al., 2001a). Similarly, drinking was defined as the animal standing with their head in the water 
trough actively drinking. Rumination was classified where the cow was actively ruminating. Posture 
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was defined as either standing, the cows standing in an inactive upright position, or laying where a 
cow was in a state of sternal recumbency as described by Mitlöhner et al. (2001a).  
 
4.2.2.2 Respiration Rate 
Respiration rates were determined by manual observations, using a stopwatch over a 15 second 
period, counting uninterrupted flank movements. Fifteen second data were then converted into 
breaths per minute. The respiration rate could only be accurately assessed when the cows were not 
drinking, grazing or consuming mixed ration.  
 
4.2.2.3 Panting Score  
Panting scores were visually determined based on the open and closed mouth panting of cattle using 
a 0 to 4.5 scale (Table 2.3; Figure 3.1), adapted from Brown-Brandl et al. (2006a), Mader et al. (2006) 
and Gaughan et al. (2008b). 
 
4.2.3 Nutritional Management  
Cows were managed using a partial mixed ration system.  
 
4.2.3.1 Mixed Ration 
The mixed ration portion of the diet was comprised of corn silage (63.5 %); canola hay (6.3 %); 
soybean meal (6.3 %); lactation cow pellets (16.0 %; Ridley Agriproducts, Australia); whole cotton 
seed (1.0 %); sodium bentonite (0.4 %); and water (6.5 %). Cows were fed twice daily; at 
approximately 0400 h and 1200 h; 1 h and 3 h prior to milking respectively. Feed allocation occurred 
on a group basis and was approximately 31.5 kg/cow/day on an as fed basis (≈ 15.3 kg/cow DM).  
 
4.2.3.2 Pasture 
Pastures comprising of rye grass (Lolium rigidum) and kikuyu (Pennisetum clandestinum) were made 
available post morning and afternoon milking. Cows were provided access to approximately 0.97 ha 
paddock per day. Between d 73 and d 98 cows had access to a grazing paddock (2.0 ha) of unimproved 
pastures of Queensland blue couch (Digitaria didatyla), due to extensive rainfall resulting in 
widespread flooding in Southeast Queensland (Section 4.2.8.1). 
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4.2.4 Milking Management 
Milking occurred in a 14 per side herringbone designed dairy (n = 28). Both sides of the dairy were 
equipped with hydraulic exit gates. Milking occurred at ≈ 0500 h (from 0430 h to 0600 h) and ≈ 1500 
h (1400 h to 1700 h) over 1.5 h to 2.5 h depending on staffing, herd size, herd health and other 
management practices. Variations to milking commencement time in the afternoon were typically 
associated with hot environmental conditions. Cows were walked from the feed pad and loafing area 
to the milking parlour for milking, a walk of 200 m to 400 m depending on location. Once at the 
milking parlour cows were held in a yard (22.5 m x 10 m) prior to milking.  
 
4.2.4.1 Milking Parlour Cooling Strategies  
The holding area of the milking parlour had cooling mitigation strategies, in the form of sprinklers (n 
= 10) and fans (n = 5). The sprinklers were positioned 2 m above the cows and were automatically 
timed for alternate periods of 45 seconds of water application and 45 seconds non-application. 
Sprinkler nozzles provided large droplets of water. The fans (Hydor Fans and Ventilation Equipment, 
Melbourne, Australia), were 800 mm in diameter, were located in two areas of the milking parlour (i) 
at the back of the milking bays (n = 2) and (ii) the back of the holding yard (n = 3). Fans remained in 
motion for the duration of milking. The cooling mitigation system was programmed to initiate when 
TA was ≥ 25 °C, or at staff digression, i.e. if the cows were exhibiting sings of heat load (increased 
PS). The sprinklers and fans were typically activated during the afternoon milking.  
 
4.2.5 Facilities, Housing and Infrastructure  
Whilst the milking parlour is located in an elevated position, the feedlot (≈ 1.4 ha; Figure 4.1) and 
paddocks were located in a low lying area. The soil is characteristically a medium black clay, with 
poor drainage and prone to water logging. Powell et al. (2002 pp 28) indicated the soil type is “Lawes; 
a dark self-mulching, cracking medium clay with dark or brown calcareous subsoil from 0.7 m to 1.4 
m deep over brown friable lighter textured layers.” There are three exemptions to this  
i) underneath the shade structure and 5 m around each side of the feed pad there was a layer of 
compacted gravel;  
ii) around the feed pad area is a concreted area (720 m2) to allow for ease of maintenance; and, 
iii) a large dirt mound, predominantly light coloured clay, located in the midsection of the feedlot 
area  
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Figure 4. 1: Layout of The University of Queensland’s Dairy Feedlot 
Note: Figure is not to scale 
 
4.2.5.1 Shade Structures  
When the cows were located in the feedlot area there were four sources of shade;  
i) A primary permanent solid metal roofed shade structure (42 m × 6 m × 2. 4 m), providing a 
shade allowance of 1.5 m2/cow based on 160 cows;  
ii) A secondary permanent shade cloth shade structure (30 m × 5 m × 3 m);  
iii) The outer concreted section of the feed pad area (60 m × 12 m), with a solid metal roof. Shade 
access from this area is restricted (60 m × 3.25 m × 4 m) as cows do not have access to the 
internal section of the feed pad; and 
iv) Three solid metal roofed portable shade structures (8 m × 5 m × 2 m)  
There were no artificial shade structures provided in the grazing paddocks. However there were trees 
located outside the eastern and northern paddocks. Given the location of the trees, limited shade was 
provided during the afternoons. When cows exhibited typical heat load behaviours, i.e. high panting 
score, shade seeking from other animals, milling at gates, they were returned to the feedlot, at staff 
digression. 
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4.2.6 Vaginal Temperature  
Vaginal temperatures (TVAG, °C) were recorded over 7 data collection periods (n = 7), where TVAG 
was recorded from eight to ten cows over a period of five to seven days. Cows were randomly 
allocated to four TVAG groups, where TVAG were recorded based on a four week rotation system, i.e. 
TVAG was recorded from group 1 during week 1, then again in week 5. Vaginal temperature was 
recorded at 10 minute intervals for five to seven day periods, depending on climatic conditions and 
the risk of a heat wave event. Heat wave events were defined as 3 or more consecutive days where 
high heat load conditions were forecasted (Nienaber et al., 2007, Mader et al., 2010a, Gaughan et al., 
2008b). Forecasting systems described by Dairy Australia (www.dairyaustralia.com.au) and 
Katestone Environmental (http://chlt.katestone.com.au/) were used to monitor predicted heat wave 
events. When the forecasting systems predicted extended periods of heat load the TVAG loggers were 
removed at seven days.  
 
Vaginal temperatures were recorded using a Hobo Pro V2 water temperature logger (Onset®, 
OneTemp Pty Ltd, Brisbane, Australia) mounted on a progesterone free controlled internal drug 
release device (CIDR; InterAg New Zealand, Hamilton, New Zealand). The logger unit was then 
inserted approximately 20 cm into the vaginal cavity as described by Verwoerd et al. (2006). The 
CIDR itself was 14 cm in length and 1 cm wide along the shaft, with the wings spanning 15 cm. The 
Hobo Pro V2 water temperature logger was 11.5 cm long and 3 cm wide. Data were downloaded from 
the loggers using proprietary software (HOBOware, Onset®, OneTemp Pty Ltd, Brisbane, Australia).  
 
4.2.7 Milk Yield  
Milking cups were fitted with in-line milk meters (Metatron 12, Westfalia Surge, GEA Farm 
Technologies); allowing for daily, morning and afternoon, individual production records using 
DairyPlan software (Westfalia Surge, GEA Farm Technologies).  
 
4.2.8 Climatic Data 
Ambient temperature (TA, °C), relative humidity (RH, %) and wind speed (WS, m/s), black globe 
temperature (BGT, °C) were obtained every 10 minutes from an onsite automated weather station 
(Esidata MK-3; Environdata Australia Pty Ltd, Warwick, Qld, Australia). Daily (24 hour) rainfall 
(mm) was recorded at 0900 h using a graduated rain gauge.  
 
From these data, the Temperature Humidity Index (THI) and DHLI were calculated. The THI was 
calculated by using the following equation as adapted from Thom (1959); 
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𝑇𝐻𝐼 = 0.8 × 𝑇𝐴 +  ⌊(
𝑅𝐻
100
× (𝑇𝐴 −  14.4)⌋ + 46.4 
 
Where RH = relative humidity (%); and TA = wet bulb or dew point temperature 
 
The DHLI was calculated by using the following equation defined within Chapter 3; 
 
𝐷𝐻𝐿𝐼 =
(
1.681813
(1 +  𝑒−(−8.50749+ 0.206159∗𝐵𝐺𝑇+4.088399∗𝑅𝐻))
) − 0.0002
1.6812 − 0.0002
 × 100  
 
Where BGT = black globe temperature (°C); and RH = relative humidity (decimal) 
 
4.2.8.1 Flooding Event 
During the experimental period the Southeast Queensland region experienced significant flooding. 
This rainfall event resulted in abnormal animal management between d 77 and d 78. Although the 
UQ dairy facility was inundated by flood waters, the feedlot and paddocks became very ‘boggy’ and 
water logged in many locations (Figure 4.2). The most significant factor that influenced the dairy was 
the loss of power, resulting in a 36 h period where cows were unable to be milked. This had a 
significant impact on the cows with some cows within the herd drying off.  
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Figure 4. 2: a and b Conditions at The University of Queensland’s dairy facility during a 
significant rainfall event that occurred between d 77 and d 78  
  
4.2.9 Statistical Analysis 
4.2.9.1 Cow Behaviour and Activity  
For each observation time, the proportion of cows that were involved in each activity (standing; 
utilising shade; feeding; and ruminating) were calculated. This proportion was then linearized using 
the logit equation; 
𝐿𝑜𝑔𝑖𝑡 =  log
𝑃
1 − 𝑃
 
Where; 
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑒. 𝑔.  𝑆ℎ𝑎𝑑𝑒) = 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑢𝑠𝑖𝑛𝑔 𝑠ℎ𝑎𝑑𝑒 × 𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑤𝑠 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 
And, 
𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑒. 𝑔. 𝑁𝑜 𝑠ℎ𝑎𝑑𝑒) = 𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑤𝑠 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 − 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 
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To account for any zeros in the data, 0.5 was added to both sides of the equation; thus; 
 
𝐿𝑜𝑔𝑖𝑡 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = log
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 + 0.5
𝐴𝑙𝑡𝑒𝑟𝑛𝑎𝑡𝑖𝑣𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 + 0.5
 
 
Dairy Heat Load Index and THI were modelled against shade usage; posture (standing/lying); 
feeding; and ruminating using a Generalised Linear Model with a quasibinomial logistic regression 
structure in R and was evaluated using an Analysis of Variance Chi Square test. The model evaluated 
the effects of climatic index as a random effect; and period and location as fixed effects, and the 
model was weighted against the number of cows observed at each observation. The GLM package in 
R does not provide 𝑅𝐴𝐷𝐽
2  or AIC. As such, the Residual Deviance of each model was used as a 
comparison of how well each predictor described the changes in the response variable. 
 
Milk production category and individual cow had no effect on the accuracy of the model and as such 
were not included. Effects were analysed using Analysis of Variance with Chi square test for 
difference in proportion. 
 
4.2.9.2 Vaginal Temperature  
Ten minute vaginal temperature (TVAG, °C) and DHLI were converted to an hourly mean. These data 
were used to calculate an estimated break point. Correlations were used to determine if there were 
lagged effects of DHLI on TVAG. Data were then modelled using the lm() function in R (R, R 
Foundation for Statistical Computing, Vienna, Austria).  
 
4.2.9.3 Respiratory Dynamics  
Panting score and RR were modelled using the linear model function in R (R, R Foundation for 
Statistical Computing, Vienna, Austria). The model included fixed effects for day of experiment, 
DHLI, THI and milk production category. The model then used individual animal and period as 
random effects. Significance was determined using analysis of variance F test (R, R Foundation for 
Statistical Computing, Vienna, Austria). 
 
4.2.9.4 Milk Production  
Milk production data were collected daily on each cow; where cows were in milking condition. Where 
cows were sick and therefore unable to be milked for human consumption due to withholding periods 
of antibiotics, milk data were not recorded. The milk production data needed to be cleaned prior to 
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use. There were instances in the data where there was no data for cows; for example a cow was within 
antibiotic withholding period or she was not milked that day. There also appeared to be anomalies 
within the individual cows daily totals. To determine whether a milk production record was 
reasonable, the cows overall mean milk production and standard deviation was calculated. From 
there, if a record was within 2 standard deviations from the mean, it was included in the data. If not, 
it was excluded as an outlier. 
 
Cows were assigned to a milk production category retrospectively based on milk production between 
60 and 120 days in milk (DIM), over as many lactations as data were available over the larger study. 
This was done to ensure that each cow was assigned to a production group that best matched each 
cow production performance. Cows were then ranked using the PERCENTILERANK.INC function 
in Microsoft Excel. Cows ranked ≤ 0.33 were assigned to the Low production category; cows ranked 
from 0.34 ≤ 0.66 were assigned to the Medium production category; and cows ranked > 0.66 were 
assigned to the high production category. 
 
Data were visualised using ggplot2 (Wickham, 2009). Milk production and mean daily DHLI 
displayed a linear trend for all milk production categories. As such, the linear model function in R 
(R, R Foundation for Statistical Computing, Vienna, Austria) was utilised to determine the effect of 
DHLI on milk production, as well as the effect of DHLI, milk production category, and the interaction 
between the two. Broken stick analysis (Muggeo, 2003; Muggeo, 2008) was also conducted as per 
Bohmanova et al. (2007) however the ability of the DHLI to predict milk yield were not significantly 
improved. As such, results for broken stick modelling have not been included. 
 
Dairy Heat Load Index was calculated from weather data (BGT and RH) and averaged for each day 
of trial (0000 h to 2350 h). Mean daily DHLI were lagged over 7 days to determine any effect DHLI 
on a previous day/s to current day milk production. 
 
4.3 Results 
4.3.1 Climatic Conditions  
The weather conditions during the experimental period were similar to long-term averages for the 
location with some intermittent hot days above 35 °C (n = 8; Table 4.1). There were 123 d where THI 
> 72; 103 d where THI > 75; 42 d where THI > 80; and 5 d where THI > 85 (Figure 4.3). Overall the 
conditions were sufficient to elicit a heat load responses in the cows on most days.  
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Table 4. 1: Mean (± SEM) hourly ambient temperature (TA,°C), relative humidity (RH, %), 
wind speed (WS, m/s), black globe temperature (BGT, °C), Temperature Humidity Index (THI) 
and Dairy Heat Load Index (DHLI) 
Hour 
Item  
TA (°C) RH (%) WS (m/s) BGT (°C) THI
1 DHLI2 
0000 20.4 ± 0.09 84.5 ± 0.19 0.3 ± 0.01 16.6 ± 0.09 67.8 ± 0.15 17.7 ± 0.27 
0100 20.1 ± 0.09 85.6 ± 0.18 0.3 ± 0.01 16.3 ± 0.09 67.4 ± 0.15 17.7 ± 0.27 
0200 19.8 ± 0.09 86.3 ± 0.17 0.3 ± 0.01 16.1 ± 0.09 66.9 ± 0.16 17.3 ± 0.27 
0300 19.5 ± 0.09 86.9 ± 0.17 0.3 ± 0.01 15.9 ± 0.09 66.5 ± 0.15 17.1 ± 0.27 
0400 19.3 ± 0.09 87.3 ± 0.17 0.3 ± 0.01 15.7 ± 0.09 66.1 ± 0.16 16.9 ± 0.27 
0500 19.3 ± 0.09 87.7 ± 0.17 0.3 ± 0.01 16.0 ± 0.09 66.1 ± 0.16 17.8 ± 0.27 
0600 20.1 ± 0.08 87.0 ± 0.22 0.5 ± 0.01 18.0 ± 0.09 67.5 ± 0.14 23.9 ± 0.33 
0700 22.0 ± 0.07 82.3 ± 0.31 0.7 ± 0.01 21.3 ± 0.11 70.2 ± 0.12 33.3 ± 0.46 
0800 23.9 ± 0.08 74.7 ± 0.34 0.8 ± 0.01 25.2 ± 0.13 72.6 ± 0.12 44.1 ± 0.53 
0900 25.5 ± 0.09 69.1 ± 0.37 1.0 ± 0.02 29.7 ± 0.18 74.3 ± 0.12 59.5 ± 0.63 
1000 26.6 ± 0.10 65.5 ± 0.41 1.0 ± 0.02 31.8 ± 0.21 75.4 ± 0.13 65.0 ± 0.68 
1100 27.4 ± 0.11 63.2 ± 0.44 1.1 ± 0.02 32.8 ± 0.23 76.2 ± 0.14 66.6 ± 0.72 
1200 28.0 ± 0.12 61.2 ± 0.46 1.2 ± 0.02 33.4 ± 0.24 76.8 ± 0.15 67.1 ± 0.73 
1300 28.2 ± 0.13 60.0 ± 0.50 1.2 ± 0.02 33.4 ± 0.26 76.9 ± 0.15 65.6 ± 0.79 
1400 28.3 ± 0.14 59.8 ± 0.54 1.2 ± 0.02 32.9 ± 0.29 76.8 ± 0.15 63.2 ± 0.85 
1500 27.9 ± 0.15 60.1 ± 0.56 1.2 ± 0.02 31.5 ± 0.29 76.4 ± 0.16 57.8 ± 0.88 
1600 27.3 ± 0.14 61.6 ± 0.56 1.1 ± 0.02 29.6 ± 0.27 75.7 ± 0.16 51.5 ± 0.84 
1700 26.3 ± 0.13 64.5 ± 0.54 1.0 ± 0.02 26.5 ± 0.23 74.7 ± 0.16 40.9 ± 0.78 
1800 24.7 ± 0.12 69.6 ± 0.46 0.7 ± 0.02 21.6 ± 0.16 73.1 ± 0.15 25.4 ± 0.50 
1900 23.3 ± 0.10 74.9 ± 0.36 0.5 ± 0.01 19.0 ± 0.09 71.5 ± 0.14 19.3 ± 0.28 
2000 22.4 ± 0.09 78.2 ± 0.30 0.4 ± 0.01 18.3 ± 0.09 70.5 ± 0.14 19.0 ± 0.28 
2100 21.8 ± 0.09 80.5 ± 0.26 0.3 ± 0.01 17.7 ± 0.09 69.8 ± 0.14 18.7 ± 0.27 
2200 21.3 ± 0.09 82.0 ± 0.24 0.3 ± 0.01 17.3 ± 0.09 69.1 ± 0.14 18.4 ± 0.27 
2300 20.9 ± 0.09 83.5 ± 0.21 0.3 ± 0.01 16.9 ± 0.09 68.5 ± 0.14 18.2 ± 0.27 
1 THI = 0.8 × ⌊(RH/100 × (dry bulb temperature - 14.4)⌋ + 46.4; Where RH = relative humidity (%); adapted from Thom 
(1959) 
2 DHLI = ((1.681813/((1 + e^(-(-8.50749 + 0.206159 × BGT + 4.088399 × RH))))) - 0.0002)/(1.6812 - 0.0002) × 100 
 
 
Figure 4. 3: Temperature Humidity Index (THI) and Dairy Heat Load Index (DHLI) over 130 
days 
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4.3.2 Cow Behaviour and Activity  
4.3.2.1 Feeding  
Location and period did not have an effect on feeding behaviour (P > 0.05). Both the DHLI and THI 
had a negative effect on feeding behaviour (P < 0.001; Figure 4.4). The DHLI was able to account 
for more variation in feeding behaviour than THI, with a residual deviance of 69.229 as opposed to 
73.169, on 180 degrees of freedom. 
 
 
Figure 4. 4: Proportion of cows feeding, grazing or mixed ration, as the Dairy Heat Load Index 
(DHLI) with loess smoother 
 
4.3.2.2 Rumination 
The DHLI had a significant relationship with ruminating behaviour (P < 0.001), however the effect 
of DHLI was positive, indicating that as DHLI increased, so too did ruminating behaviour (Figure 
4.5). Temperature Humidity Index was unable to explain any changes in the proportion of cows in 
the herd ruminating. 
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Figure 4. 5: Proportion of cows ruminating as the Dairy Heat Load Index (DHLI) with loess 
smoother 
 
4.3.2.3 Posture 
Analysis of DHLI, period and location against posture indicated that neither period nor location had 
an effect on cow posture (P > 0.05); but there was a positive effect of DHLI (P < 0.001; Figure 4.6) 
as well as a positive interaction effect between DHLI and location (P = 0.020). The THI showed a 
similar trend as a predictor of posture, with location and period both showing no effect (P > 0.05); 
however the interaction between THI and location was significant (P = 0.037). The residual deviance 
for DHLI × location and THI × location were 1299.4 on 178 degrees of freedom and 1350.1 on 179 
degrees of freedom respectively. This indicates that the DHLI was able to explain more of the 
standing behaviours than the THI. The residual deviance of the model which utilised DHLI as the 
climatic index yielded a residual deviance of 1602.2 on 170 degrees of freedom. 
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Figure 4. 6: Proportion of cows standing as the Dairy Heat Load Index (DHLI) with loess 
smoother 
 
4.3.2.4 Shade Seeking  
When shade data were visualised against DHLI, a distinct broken stick relationship was seen (Figure 
4.7). It was decided to run both a linear model and a segmented (broken stick) model to determine 
the best assessment of DHLI and shade usage. Dairy Heat Load Index and location were strongly 
associated with shade usage (P < 0.001), as was period (P = 0.044). The DHLI displayed a positive 
relationship, whereas there was a negative relationship between cows located in the paddock and 
shade usage; likely due to a lack of available shade. The interaction between DHLI and period were 
strongly associated with changes in shade usage (P < 0.001); as was the interaction between location 
and period (P = 0.002). The THI, location and period all had large individual effects on shade usage, 
as did the interaction between THI and period (P < 0.001). Temperature Humidity Index had a weak 
interaction with location (P = 0.027). The interaction between period and location was moderate, with 
large difference between periods 2 and 3 and cows located in the paddock (P = 0.003). These 
differences are likely due to a lack of data for cows in the paddock at the second observation. 
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Figure 4. 7: Proportion of cows utilising shade as the Dairy Heat Load Index (DHLI) with loess 
smoother 
 
4.3.3 Vaginal Temperature  
Mean, minimum, maximum and range in TVAG were calculated for each data collection period (Table 
4.2). Relationship between TVAG and the DHLI (Figure 4.8) and THI (Figure 4.9) were investigated. 
There appeared to be an apparent break point when DHLI ≈ 28, an additional break point at DHLI 60 
(Figure 4.8).  
 
Table 4. 2: Mean (± SE), minimum (± SE), maximum (± SE) and range (± SE) Vaginal 
temperature (TVAG, °C) for each data collection period 
Period1 Mean Minimum Maximum Range 
1 38.99 ± 0.13bcd 37.43 ± 0.23bcd 40.37 ± 0.20bcd 2.94 ± 0.25bcd 
2 38.68 ± 0.12d 37.71 ± 0.22d 39.54 ± 0.18d 1.81 ± 0.23d 
3 38.89 ± 0.11cd 38.05 ± 0.21cd 40.05 ± 0.18cd 1.90 ± 0.23cd 
4 39.33 ± 0.12ab 37.62 ± 0.22ab 40.57 ± 0.18ab 2.95 ± 0.23ab 
5 39.66 ± 0.11a 37.67 ± 0.21a 41.20 ± 0.17a 3.54 ± 0.22a 
6 39.07 ± 0.11bc 37.97 ± 0.21bc 40.24 ± 0.17bc 2.24 ± 0.22bc 
7 39.09 ± 0.14bc 37.13 ± 0.27bc 40.55 ± 0.22bc 3.42 ± 0.27bc 
a – d Denote significance, values within a column with the same superscript are not significantly different (P > 0.05) 
1Period 1, d 21 to d 26; Period 2, d 30 to d 37; Period 3, d 37 to d 42; Period 4, d 92 to d 98; Period 5, d 101 to d 107; 
Period 6, d 107 to d 113; Period 7, d 120 to d 127 
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Figure 4. 8: Relationship between vaginal temperature (°C) and the Dairy Heat Load Index 
(DHLI) using a Loess smoother 
 
 
Figure 4. 9: Relationship between vaginal temperature (°C) and Temperature Humidity Index 
(THI) using a Loess smoother 
 
Pearsons correlation coefficients were used to determine the lag effects between TVAG and mean 
DHLI (DHLImean) and THI (THIImean) over hours, mean between hour 0 to hour -7 to mean between 
hour 0 to hour -1 (Table 4.3). The correlations with DHLI and THI strengthen as lag period increased, 
peaking at mean between hour 0 to hour -7 (Table 4.3). These results indicate that there is a substantial 
lag effect of DHLI and THI on TVAG within the current day. Given these results, lag days were 
averaged over the previous days, out to lag of day -7 and as short as lag day -1, resulting in correlations 
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ranging from moderate to strong between TVAG and DHLI and THI (Table 4.4). When modelled, the 
best predictor of TVAG was the mean DHLI (𝑅𝐴𝐷𝐽
2  = 0.4394; P < 0.0001) and THI from hour 0 to -7 
(𝑅𝐴𝐷𝐽
2  = 0.588; P < 0.0001), where; 
 
𝑇𝑉𝐴𝐺 = 38.458 + 0.0179 × DHLI 
And; 
𝑇𝑉𝐴𝐺 = 32.706 + 0.0890 × THI 
 
Table 4. 3: Pearsons Correlation coefficient between mean hourly vaginal temperature (°C) and 
the mean Dairy Heat Load Index (DHLImean) and mean Temperature Humidity Index (THImean) 
for the lagged effects of hours from 0 to -7 
Hour 
Pearsons Correlation coefficient 
DHLImean THImean 
0 to -7 0.663* 0.767* 
0 to -6 0.649* 0.693* 
0 to -5 0.633* 0.779* 
0 to -4 0.614* 0.779* 
0 to -3 0.592* 0.675* 
0 to -2 0.566* 0.767* 
0 to -1 0.533* 0.751* 
* P < 0.0001 
 
Table 4. 4: Pearsons Correlation coefficient between mean hourly vaginal temperature (TVAG, 
°C) and the Dairy Heat Load Index (DHLI) and the Temperature Humidity Index (THI) for 
the lagged effects of day from d 0 to d -7 
Day 
Pearsons Correlation coefficient 
DHLI THI 
0 d 0.489* 0.728* 
-1 d 0.555* 0.761* 
-2 d 0.580* 0.763* 
-3 d 0.581* 0.737* 
-4 d 0.565* 0.694* 
-5 d 0.539* 0.638* 
-6 d 0.501* 0.573* 
-7 d 0.453* 0.499* 
* P < 0.0001 
 
Milk production category was added as a factor with DHLI (Figure 4.10) and THI (Figure 4.11). 
There was some effect of milk production category on TVAG with a difference noted between Low 
and High production cows (P = 0.0321), however there was no interaction between the two variables. 
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Figure 4. 10: Relationship between Vaginal Temperature (TVAG, °C), Dairy Heat Load Index 
(DHLI) and Milk Production Category 
 
 
Figure 4. 11: Relationship between Vaginal Temperature (TVAG, °C), Temperature Humidity 
Index (THI) and Milk Production Category 
 
4.3.4 Respiratory Dynamics 
There was an increase in PS as DHLI (Figure 4.12) and THI (Figure 4.13) increased (P < 0.001). 
Furthermore there was an effect of trial date, period, period × trial date and cow (P < 0.001); as well 
as milk production category (P = 0.017) and DHLI × period (P = 0.022). The model utilised to 
determine the accuracy of the DHLI against PS, had a low to moderate accuracy (𝑅𝑎𝑑𝑗
2 = 0.3173). 
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The fixed and random effects outlined in the model also impacted on the accuracy of the model. 
Period influenced PS (P = 0.002), however there were no effects of THI × period (P = 0.476). The 
outcome of the model was also linked to milk production category (P = 0.016). Trial date, period × 
trial date and cow all had a significant effect (P < 0.001) on the accuracy of the overall model (𝑅𝑎𝑑𝑗
2 = 
0.3304).  
 
 
Figure 4. 12: Relationship between panting score (PS) and Dairy Heat Load Index (DHLI) with 
loess smoother 
 
 
Figure 4. 13: Relationship between panting score (PS) and Temperature Humidity Index (THI) 
with loess smoother 
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Dairy Heat Load Index, period, trial date, milk production category and cow, when modelled, were 
able to moderately describe respiration rate (𝑅𝑎𝑑𝑗
2 = 0.4454; Figure 4.14). Respiration rate responded 
to DHLI, period, trial date, DHLI × period, period × trial date and cow (P < 0.001) as well as milk 
production category (P = 0.02). Respiration rate showed a similar response to the model when DHLI 
was replaced with THI (P < 0.001; 𝑅𝑎𝑑𝑗
2 = 0.4984; Figure 4.15). Milk production category also had 
an effect on RR (P = 0.012). 
 
 
Figure 4. 14: Relationship between respiration rate (RR) and Dairy Heat Load Index (DHLI) 
with loess smoother 
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Figure 4. 15: Relationship between respiration rate (RR) and Temperature Humidity Index 
(THI) with loess smoother 
 
4.3.5 Milk Yield  
Average milk yield for the 40 cows over the duration of the experiment are described below (Table 
4.5). Average milk yield for High, Medium and Low production categories were also calculated 
(Table 4.5). The data were then split into milk production category to explore the relationship of cows 
in each group to changes in DHLI (Figure 4.16; Figure 4.17; Figure 4.18; Figure 4.19; Figure 4.20; 
Figure 4.21).  
 
Table 4. 5: Mean (± SEM) milk yield (kg/d) and cow production category (High, Medium and 
Low) over the months of the experiment  
Month Mean1 High  Medium Low 
October 26.8 ± 0.40 30.8 ± 0.63 25.6 ± 0.54 23.6 ± 0.56 
November 26.6 ± 0.17 31.0 ± 0.23 24.6 ± 0.22 23.0 ± 0.20 
December 27.1 ± 0.18 31.1 ± 0.29 25.2 ± 0.21 23.9 ± 0.20 
January 24.0 ± 0.16 26.8 ± 0.29 23.1 ± 0.19 21.3 ± 0.22 
February 21.9 ± 0.16 24.7 ± 0.22 20.6 ± 0.18 20.0 ± 0.24 
March  21.2 ± 0.31 23.4 ± 0.50 20.1 ± 0.39 20.0 ± 0.66 
1Mean milk yield were calculated from daily milk production data  
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Figure 4. 16: Mean daily Dairy Heat Load Index (DHLI) and individual milk production (kg/d) 
with Loess smoother 
 
 
Figure 4. 17: Mean daily Dairy Heat Load Index (DHLI) and total individual milk production 
(kg/d) by milk production category with Loess smoother 
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Figure 4. 18: Mean daily Dairy Heat Load Index (DHLI) and total milk production (kg/d) by 
milk production category using Loess smoother 
 
 
Figure 4. 19: Mean daily Dairy Heat Load Index (DHLI) and total daily milk production (kg/d) 
of cows in the Low production category with Loess smoother 
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Figure 4. 20: Mean daily Dairy Heat Load Index (DHLI) and total daily milk production (kg/d) 
of cows in the Medium production category with Loess smoother 
 
 
Figure 4. 21: Mean daily Dairy Heat Load Index (DHLI) and total daily milk production (kg/d) 
of cows in the High production category with Loess smoother 
 
Function by trial day was also explored to see what inherent effect of day was within the data for all 
milk yields (Figure 4.22) and against production category (Figure 4.23).  
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Figure 4. 22: Day of experiment effects on total daily milk production (kg/d) of cows 
 
 
Figure 4. 23: Day of experiment effects on daily milk production (kg/d) of cows by milk 
production category (High; Medium; Low)  
 
Dairy Heat Load Index was lagged out to 7 days to determine what effect previous days had on milk 
production. Pearsons correlation coefficient was conducted and it was determined that milk 
production was most closely correlated to -2 to -5 d (Table 4.6)  
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Table 4. 6: Pearsons correlation coefficient of daily milk production and lag Dairy Heat Load 
Index (DHLI) effects from 0 d to -7 d 
DHLI Lag Pearsons correlation 
coefficient 
Significance 
0 d -0.229 P < 0.0001 
-1 d -0.251 P < 0.0001 
-2 d -0.286 P < 0.0001 
-3 d -0.280 P < 0.0001 
-4 d -0.278 P < 0.0001 
-5 d -0.285 P < 0.0001 
-6 d -0.248 P < 0.0001 
-7 d -0.244 P < 0.0001 
 
From this it was decided to establish partially distributed lags with a 3rd degree polynomial. Initial 
analysis determined that the quadratic and cubic terms did not describe changes in milk production, 
thus only the linear term was retained (Figure 4.24).  
 
 
Figure 4. 24: Residuals and fitted values of linear regression analysis of daily milk production 
(kg/d) against the mean Dairy Heat Load Index (DHLI) of the previous 7 days 
 
Three linear models were determined, based on an equation for milk production category;  
 
𝐿𝑜𝑤 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 = 28.00619 − 0.16856 × 𝐷𝐻𝐿𝐼𝑚𝑒𝑎𝑛  
𝑀𝑒𝑑𝑖𝑢𝑚 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 = 30.38209 − 0.19893 × 𝐷𝐻𝐿𝐼𝑚𝑒𝑎𝑛  
 𝐻𝑖𝑔ℎ 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 = 39.61201 − 0.32071 × 𝐷𝐻𝐿𝐼𝑚𝑒𝑎𝑛 
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Where the mean DHLI (DHLImean) is the DHLI over the previous 7 days; 
𝐷𝐻𝐿𝐼𝑚𝑒𝑎𝑛 =
∑ 𝐷𝐻𝐿𝐼−7−1
7
 
 
These equations allow for estimates of milk production, by milk production category, at a given DHLI 
(Table 4.7; Figure 4.25) 
 
Table 4. 7: Estimated milk production (kg/d) for cows categorised as Low, Medium and High, 
production categories at a range of Dairy Heat Load Index (DHLI) values 
DHLI 
Milk Production Category 
Low Medium High 
0 28.01 30.38 39.61 
5 27.16 29.39 38.01 
10 26.32 28.39 36.40 
15 25.48 27.40 34.80 
20 24.63 26.40 33.20 
25 23.79 25.41 31.59 
30 22.95 24.41 29.99 
35 22.11 23.42 28.39 
40 21.26 22.42 26.78 
45 20.42 21.43 25.18 
50 19.58 20.44 23.58 
55 18.74 19.44 21.97 
60 17.89 18.45 20.37 
65 17.05 17.45 18.77 
70 16.21 16.46 17.16 
75 15.36 15.46 15.56 
80 14.52 14.47 13.96 
85 13.68 13.47 12.35 
90 12.84 12.48 10.75 
95 11.99 11.48 9.14 
100 11.15 10.49 7.54 
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Figure 4. 25: Estimated milk production for Low, Medium (Med) and High production category 
as the Dairy Heat Load Index (DHLI) increases 
 
4.4 Discussion  
The thermal environment is well recognised to influence an animals’ ability to grow and perform its 
genetic potential (Ames et al., 1980, Johnson, 1987). Periods of heat stress are associated with 
reductions in dry matter intake (DMI), growth, feed conversion efficiency (Brown-Brandl et al., 
2006b, Eigenberg et al., 2005, Brown-Brandl et al., 2005a); reproduction (Jordan, 2003); milk 
production, and alterations in milk quality (Rhoads et al., 2009, West, 2003). St-Pierre et al. (2003) 
estimated that for the US dairy industry, heat load has an annual economic burden between $897 and 
$1 500 million. However it is difficult to quantify the true extent of economic losses associated with 
heat load due to the dynamic interactions that occur between the lactating dairy cow and the 
implications of heat load.  
 
Previously Roenfeldt (1998) defined that the thermoneutral zone of lactating dairy cows as when TA 
is between 5 °C and 25 °C. When TA reaches 26 °C lactating cows are unable to adequately maintain 
an equilibrium between heat accumulation and dissipation (Kadzere et al., 2002), thus entering a state 
of heat load. However dairy production is typically characterised by the demand to produce a high 
volume of milk per cow (Gantner et al., 2017). Historically genetic selection has focused on 
increasing milk production and composition. Into the future producers are likely to continue breeding 
programs emphasising an increase in milk production. These selection pressures have a negative 
impact on the thermotolerance of production animals, due to the relationship that is observed between 
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animal productivity and increasing metabolic heat production (Rhoads et al., 2013, Kadzere et al., 
2002). Berman (2005) indicated that increasing daily milk production from 35 kg/d to 45 kg/d, 
decreased the heat load threshold by 5 °C. Therefore it becomes important to understand the 
behavioural and physiological responses to heat load in the modern dairy cow.  
 
4.4.1 Cow Behaviour and Activity 
4.4.1.1 Feeding Behaviour  
Feeding behaviours within the current experiment were not influenced by period or location (P > 
0.05). However as DHLI and THI increased the observation of feeding behaviour decreased (Figure 
4.4). This is somewhat unsurprising as when lactating cows experience heat load conditions there is 
a voluntary reduction in feed intake (Kadzere et al., 2002, Cowley et al., 2015). Beede and Collier 
(1986) suggested that voluntary feed intake declines when TA is approximately 25 °C to 27 °C, 
however this threshold is influenced by diet type and composition. Alterations to feed intake are 
considered to have a lag effect where animals adjust their feed intake based on numerous factors, 
including ambient conditions and previous feed intake (Brown-Brandl et al., 2005a). It is important 
to acknowledge that these results may be somewhat confounded, these cows were offered feed twice 
daily at approximately 0400 h and 1200 h. Although not investigated here, numerous authors have 
identified that cattle will shift feed intake to the cooler hours of the day (Brown-Brandl et al., 2005a, 
Ray and Roubicek, 1971). Therefore it becomes difficult to define the impact of heat load on feed 
intake. However the data from this experiment show that the DHLI is able to account for a greater 
proportion of feeding behaviour when compared to the THI. Therefore these results suggest that the 
DHLI may be a better predictor of thermal comfort and allow mitigation strategies to be implemented 
to support feed intake during periods of heat load.  
 
4.4.1.2 Rumination 
Temperature Humidity Index was unable to explain any changes in the proportion of cows in the herd 
ruminating. The DHLI had a significant relationship with ruminating behaviour (P < 0.001), however 
the effect of DHLI was positive, indicating that as DHLI increased rumination increased (Figure 4.5). 
However the ability of the DHLI to predict changes in the proportion of the herd ruminating were 
inconsistent. These results are somewhat confusing as when climatic conditions become hot it is 
widely accepted that rumination will decrease as a consequence (Young and Hall, 1993, Beede and 
Collier, 1986, Shultz, 1984). Although feeding behaviour decreased as DHLI and THI increased, 
DMI was not recorded within the current experiment. Therefore the volume of feed or reductions in 
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feed intake remain unknown here. Rumination is a necessary component of digestion in cattle and 
other ruminants, therefore the proportion of the herd ruminating will be a function of feed intake and 
time of feed intake.  
  
4.4.1.3 Posture  
Dairy heat load index, period and location against posture indicated that neither period nor location 
had an effect on cow posture (P > 0.05); but there was a positive effect of DHLI (P < 0.001; Figure 
4.6) as well as a positive DHLI × location effect (P = 0.020). The THI showed a similar trend as a 
predictor of posture, with location and period both showing no effect (P > 0.05); however THI × 
location was significant (P = 0.037). The positive relationship that DHLI and DHLI × location have 
on standing behaviour was unexpected. As hot climatic conditions intensify, cattle stand to increase 
movement across the body’s surface (Palacio et al., 2015, Igono et al., 1987, Brown-Brandl et al., 
2006a, Frazzi et al., 2000, Gaughan et al., 2008a, Shultz, 1984, Tucker et al., 2008, Schütz et al., 
2010). However Palacio et al. (2015) concluded that cows with access to shade were observed to lay 
down 1.75 times more than cows without access to shade. Observation of lying within this experiment 
was not categorised within shaded or un-shaded zones, therefore the increased lying as DHLI may 
also be associated with increased shade utilisation. However Tucker et al. (2008) found that as the 
Heat Load Index (HLI) value increased dairy cows spend less time lying and grazing and more time 
standing, regardless of shade utilisation (P ≤ 0.004). Additionally Gaughan et al. (2008a) also 
indicated that during excessive heat load conditions dairy cows without access to cooling, i.e. water 
misting and air movement, spent more time standing compared to cows that were cooled. By standing, 
the animal is exposing greater body surface area in an attempt to increase the proportion of heat 
dissipation through i) evaporative exchanges via the coat surface; and ii) convective mechanisms via 
air movement around the body. However the changes in postural position is highly variable across 
studies, therefore it becomes difficult to quantify increased time spent standing as a thermoregulatory 
behaviour.  
 
4.4.1.4 Shade Seeking  
As DHLI increased, the proportion of cows utilising the shade structures increased (P < 0.001). This 
was an unsurprising outcome as numerous authors have highlighted increasing shade utilisation as 
ambient conditions increase (Tucker et al., 2008, Schütz et al., 2010, Roman-Ponce et al., 1977, 
Schütz et al., 2008, Kendall et al., 2006). Within the current experiment, during periods of high TA 
and RH the cows exhibited a preference for the solid roofed shade structure, where the secondary 
shade structure has a shade cloth cover that blocks various amounts of SR throughout the day. Cows 
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are more likely to utilise shade structures that provide greater protection from SR (Tucker et al., 
2008). Tucker et al. (2008) found that cows spent 2.8 h per/d utilising shade structures that provided 
99 % solar block out compared with 1.0 h per/d where 25 % solar block out shade structures. 
Similarly, Schütz et al. (2010) concluded that cows with access to 9.6 m2/cow utilised shade twice as 
much as cows with access to 2.4 m2/cow.  
 
As previously mentioned, an unexpected outcome within this experiment was the increased lying 
behaviour in these cows. Similar findings were reported by Palacio et al. (2015), where the authors 
concluded that cows with access to shade spent more time lying. Furthermore Schütz et al. (2010) 
concluded that when greater proportions of shade are available to cows, dairy cattle exhibit 
simultaneous shade utilisation and lying with reduced aggression behaviours. These results may 
indicate that cows with access to shade are better able to regulate heat accumulation and dissipation. 
Therefore the shade structures may provide sufficient cooling, whereby cows do not need to utilise 
additional behavioural strategies, i.e. standing, to maintain thermal comfort. However, for lactating 
dairy cattle there has been limited research into defining the amount of shade, m2/animal, required to 
offset the impact of heat load. 
 
4.4.2 Vaginal Temperature  
Measures of core body temperature are the most reliable indicator of an animal’s thermal status. 
Vaginal temperatures within the current experiment were similar to other reported values (Schütz et 
al., 2010, Schütz et al., 2008, Schütz et al., 2009, Kendall et al., 2006). Unsurprisingly as DHLI 
(Figure 4.8) and THI (Figure 4.9) increased TVAG increased. Within the current experiment once THI 
= 80 there was a marked increase in TVAG in High and Medium production cows. Whereas there 
appeared to be two apparent break point when DHLI ≈ 28, an additional break point at DHLI 60 
(Figure 4.8). Regardless of the model used to predict TVAG, mean DHLI and THI over the previous 7 
hours provided the best predictor of heat load. The THI had a stronger correlation with TVAG, however 
this may be associated with the logistic regression curve between the DHLI and TVAG. This may 
provide an explanation as to why THI is better correlated with TVAG, as both variables increases at a 
linear rate. Where the DHLI tracks along then reaches a breakpoint resulting in a rapid increase in 
DHLI then plateaus prior to the next breakpoint. This may indicate that TVAG does not follow the 
DHLI breakpoints as closely as MPS. However body temperature will only increase where other 
responses, i.e. increased RR and PS, are unable to effectively dissipate accumulated heat load. When 
TA is equal to body temperature, heat loss via evaporation becomes the primary method of heat 
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dissipation (Esmay, 1969), where at 32 °C evaporative heat loss accounts for 85 % of an animals’ 
total heat loss (Avendaño-Reyes et al., 2010).  
 
4.4.3 Respiratory Dynamics  
When exposed to heat load conditions many mammalian species rely on respiratory dynamics to assist 
in heat dissipation, thus the regulation of body temperature (Hales and Findlay, 1968). Respiration 
rate within the current experiment had a relationship with DHLI and THI (P < 0.001). Respiration 
rate has been identified as a reliable early indicator of increasing heat load (Gaughan et al., 2008b). 
However RR is thought to lag TA by one to two hours (Gaughan, 2002, Brown-Brandl et al., 2005a). 
Additionally, RR may continue to increase after TA begins to decline (Gaughan, 2002). It is important 
to consider that when TA is equal to body temperature, heat loss via evaporation becomes the 
predominant method of heat dissipation (Esmay, 1969). At 32 °C evaporative heat loss accounts for 
85 % of an animals’ total heat loss (Avendaño-Reyes et al., 2010), therefore as TA increases the cow 
becomes more reliant on RR for heat dissipation. Respiration rate is known to be influenced by a 
number of factors. These include animal factors such as body condition score, body weight and 
genetic influences (Brown-Brandl et al., 2006b). Additionally within the current experiment milk 
production category also influenced RR (P = 0.012). This was unsurprising given the relationship 
that exists between milk synthesis and metabolic heat production (West, 2003, Staples and Thatcher, 
2011, Kadzere et al., 2002, Purwanto et al., 1990). Whilst RR has been identified as an indicator of 
thermal stress (Gaughan et al., 2008b, Brown-Brandl et al., 2005a), it is important to consider that 
RR is also subject to rapid changes, where the animal may be required to lower RR and take deep 
breaths in order to stabilise blood pH (Baumgard and Rhoads, 2007). Therefore RR alone does not 
provide a conclusive indication of the thermal status of cattle. 
 
As ambient conditions change, changes to panting score provide a good indication of the changing 
thermal status of the animal (Mader et al., 2006). Panting score can be used to determine an 
individual’s heat load status (Gaughan et al., 2010b), or a group of animals by using a mean panting 
score (MPS) for the group of animals (Brown-Brandl et al., 2006b, Gaughan et al., 2008b). Within 
the current experiment as DHLI increased PS increased (P < 0.001; Figure 4.12). This is unsurprising 
as the DHLI model described within Chapter 3 was developed based on MPS, BGT and RH. However 
traditionally the THI has been defined as the gold standard in identifying the intensity of the thermal 
environment on livestock (Hahn et al., 2009). Whereby within the current experiment as THI 
increased PS increased (P < 0.001; Figure 4.13). Therefore it is able to be concluded that the DHLI 
is a suitable predictor of PS in lactating dairy cows. Consideration must also be given to the fact that 
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PS is not a direct measure of RR, as PS is a function of respiration rate and body temperature in cattle 
(Gaughan et al., 2010a). Therefore PS becomes a good indicator of heat load (Brown-Brandl et al., 
2006b, Mader et al., 2006, Gaughan et al., 2008b, Gaughan and Mader, 2014). 
 
4.4.4 Milk Yield  
Alterations in production can be an indicator that a cow is unable to adapt to a situation (Schütz et 
al., 2010). Where possible all animals will alter their behaviour, the purpose of these behavioural 
responses is an attempt to maintain homeostasis. Schütz et al. (2010) suggested that where 
environment allows it, cows will initiate behavioural changes to cope with increasing thermals loads 
before production becomes compromised. However it is widely accepted that milk yields decline 
during hot climatic conditions (Avendaño-Reyes et al., 2010, McDowell et al., 1976, Kadzere et al., 
2002, TapkI and Sahin, 2006, Bouraoui et al., 2002). The results from the current experiment show a 
reduction in milk yield as the experiment progressed, this is unsurprising as the cows were in early 
lactation when the experiment commenced and milk yield is known to decline throughout lactation. 
Rodriquez et al. (1985) concluded that stage of lactation and pregnancy account for ≈ 50 % of the 
variability within lactation milk yield. These data also suggest that there is a lag effect of DHLI, 
where DHLImean was associated with decreasing milk yield (P < 0.0001; Table 4.6). Similarly West 
et al. (2003) concluded there was a lag effect between THI and milk yield. Cowley et al. (2015) 
reported that average daily milk production decreased by ≈ 20 % during periods of heat load. 
 
The findings of this experiment highlight that cow categorised as High producing cows experience 
greater losses in milk yield; providing further evidence that heat stress is more detrimental to cows 
with greater milk production (West, 2003, Staples and Thatcher, 2011). This is not unexpected given 
the positive correlation between increased milk yield, feed intake and metabolic heat production 
(Kadzere et al., 2002). Purwanto et al. (1990) reported cows with milk yields of 18.5 kg/d and 31.6 
kg/d had 27.3 % and 48.5 % greater metabolic heat production (kJ/kgW0.75 per h) when compared to 
dry cows. It is well established that as heat load increases cattle must utilise energy to maintain 
homeostasis (Ravagnolo and Misztal, 2002, Kadzere et al., 2002), thus reducing milk yield and 
increasing the overall energy requirements of the cow. It has been estimated that the energy 
requirement of the cow is 20 % greater at 35 °C when compared with the energy requirements at 20 
°C (Staples and Thatcher, 2011). This can be considered as the increased energy utilised by the cow 
to maintain homeostasis. Therefore it is not unexpected to find a negative relationship between DHLI 
and milk yield within this experiment.  
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4.5 Conclusions 
Overall the DHLI was able to adequately predict the impact of heat load on lactating dairy cows. The 
DHLI was able to account for greater variations in standing and feeding within this experiment. 
However the THI appears to be a more accurate indicator of respiratory dynamics, compared to the 
DHLI. A confounding factor within this experiment was the availability of shade. It has been well 
established that the provision of shade is an advantageous heat load alleviation tool. Providing shade 
supports the regulation of core body temperature by providing an area for cooling (Mitlöhner et al., 
2002). The advantage of shade structures is that the application is passive, where animals are able to 
utilise shaded areas voluntarily (Eigenberg et al., 2005). Within this experiment dairy cows were able 
to utilise shade voluntarily, therefore there is a need to evaluate the DHLI where cows do not have 
access to shade structures.  
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Chapter 5 
Defining the influence of shade on cow production and comfort  
 
Experimental Hypothesis: Shade will reduce the impact of heat load on lactating dairy cows. The Dairy Heat 
Load Index (DHLI) will be a better predictor of the effects of hot climatic conditions than the Temperature 
Humidity Index (THI) for lactating dairy cows housed outside in a sub-tropical climate with and without 
access to shade  
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5.1 Introduction  
It has been well established that the provision of shade is an advantageous heat load alleviation tool 
for lactating dairy cows (Buffington et al., 1983, Kendall et al., 2006, Mitlöhner et al., 2002, Roman-
Ponce et al., 1977, Schütz et al., 2014). It has also been reported that the benefits of shade may extend 
to subsequent lactations (Buffington et al., 1983). As ambient conditions increase, dairy cows show 
an increase in shade utilisation and shade seeking behaviours (Gaughan et al., 1998, Kendall et al., 
2006, Schütz et al., 2008, Palacio et al., 2015, Schütz et al., 2010).  
 
Providing shade to cattle alters the microclimate within their housing area, potentially providing an 
area for cooling (Mitlöhner et al., 2002). Shade seeking behaviour may be considered a 
thermoregulatory mechanism (Bennett et al., 1985). The provision of shade reduces the animals 
exposure to direct solar radiation (SR, W/m2), however shade structures do not alter ambient 
temperature (TA, °C) or relative humidity (RH, %) (Gaughan et al., 2004b, Buffington et al., 1981, 
Buffington et al., 1983, Bond et al., 1967, Eigenberg et al., 2005). The use of shade can reduce the 
radiant heat load of an animal by 30 %, by simply blocking out the sun (Bond et al., 1967). The 
advantage of shade structures is that the application is passive, where animals are able to utilise 
shaded areas voluntarily (Eigenberg et al., 2005). Whilst shade reduces the impact of solar load, it 
does not completely remove exposure to heat load. 
 
The thermal environment has been outlined as one of the factors that determines an animals’ ability 
to grow and produce to its genetic potential (Ames et al., 1980, Johnson, 1987). A stress threshold of 
a Temperature Humidity Index (THI) value ≈ 72, has been established for dairy cattle (Ravagnolo 
and Misztal, 2000, Kadzere et al., 2002). Once exposed to conditions above this threshold lactating 
dairy cows will reduce dry matter intake (DMI), which has a negative impact on growth and feed 
conversion (Brown-Brandl et al., 2006b, Eigenberg et al., 2005, Brown-Brandl et al., 2005a). Beyond 
these, heat load conditions also have a negative impact on reproductive performance (Jordan, 2003); 
milk production and milk quality (West, 2003, Rhoads et al., 2009). However the limitations of the 
THI have been previously identified, where the model does not account for wind speed (WS, m/s) 
and/or SR (Gaughan et al., 2008b, Hammond et al., 1996), nor does the THI consider the 
physiological responses of lactating dairy cows (Scharf et al., 2011). The limitations of the THI lead 
to the development of the Dairy Heat Load Index (DHLI) described within Chapter 3. The impact of 
shade was not considered during the initial development of the DHLI, therefore the objectives of this 
experiment were to;  
i) Quantify the effect of shade on the behaviour, vaginal temperature, milk yield and milk 
composition of lactating dairy cows housed outside in a sub-tropical environment  
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ii) Refine the dairy heat load model (DHLI), to provide a better predictor of heat load for cows 
with and without access to shade. 
 
5.2 Materials and Methods 
The experiment was undertaken in Southeast Queensland, Australia, at The University of Queensland 
(UQ; 27.54 °S, 152.34 °E; 100 m above mean sea level) research dairy during the southern 
hemisphere summer over 55 days (January to March). During this period the summer is characterized 
by a hot, humid sub-tropical climate. The experiment was approved by The University of Queensland 
Animal Ethics Committee (AEC Approval: SAFS/504/12).  
 
5.2.1 Animals  
Holstein Friesian (n = 40) cows were selected from the main herd (n = 170; reduced to 126 by end of 
the experiment) based on days in milk (DIM). Cows were weighed and average individual milk 
production for the lactation was recorded. Cows were paired by standardising the weight difference 
and milk yield difference between cows. Cows that showed the least difference for the pooled traits 
were paired. One cow from each pair was randomly selected and assigned to one of two treatments; 
shade (n = 20) or un-shaded (n = 20). 
 
During the experiment, cows were housed with the main herd overnight. This allowed for regular 
access to pasture. Cows were drafted into research groups each morning post milking, and were taken 
to the research paddocks by 0730 h.  
 
5.2.2 Animal Observations  
Cows were observed four times per day, at 0800 h, 1200 h, 1400 h and 1800 h. Observations consisted 
of posture (standing or lying) animal location (shade, un-shaded, feeding or drinking) and panting 
score.  
 
5.2.2.1 Animal Activity  
Animal activity was determined by recording the action a cow was undertaking at the time of 
observation. Cow location was described in situ as under shade or in sun. Utilisation of shade was 
defined as ≥ 50 % of the body covered by shade, as described by Kendall et al. (2006). Feeding was 
defined as the animal standing at the feed pad with their head in the bunk actively eating (Mitlöhner 
et al., 2001a). Similarly, drinking was defined as the animal standing with their head in the water 
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trough actively drinking. Posture was defined as either standing, the cows standing in an inactive 
upright position, or laying where a cow was in a state of sternal recumbence as described by Mitlöhner 
et al. (2001a).  
 
5.2.2.2 Panting Score 
Panting scores (PS) were visually determined based on the open and closed mouth panting of cattle 
using a 0 to 4.5 scale (Table 2.5) modified from Brown-Brandl et al. (2006a), Mader et al. (2006) and 
Gaughan et al. (2008b). During the data collection periods described in Chapter 3, data collected over 
three summers (2008/2009; 2009/2010; and 2010/2011) and two winters (2009 and 2010), it was 
observed that the PS descriptions by Brown-Brandl et al. (2006a), Mader et al. (2006) and Gaughan 
et al. (2008b) were not accounting for subtle changes in respiratory dynamics that occur between a 
PS 1 and 2. Therefore for this experiment PS were determined using a modified panting score system 
(Table 5.1).  
 
Table 5. 1: Modified assessment of panting score and description of breathing/panting condition 
Panting Score Breathing Condition 
0 No panting 
1 Slight panting, mouth closed, no drool, slight chest movement 
1.5 Fast panting, mouth closed, no drool, fast easily observed chest movements 
2 Fast panting, drool present, no open mouth  
2.5 As for 2, but occasional open mouth panting, tongue not extended  
3 Open mouth and excessive drooling, neck extended, head  
3.5 As for 3, but with tongue out slightly and occasionally fully extended for short 
periods  
4 Open mouth with tongue fully extended for prolonged periods with excessive 
drooling. Neck extended and head up  
4.5 As for 4, but head held down. Cattle “breath” from flank. Drooling may cease. 
Adapted from Brown-Brandl et al. (2006); Mader et al. (2006) and Gaughan et al. (2008b) 
 
5.2.3 Vaginal Temperature  
Vaginal temperatures (TVAG) were recorded using a Hobo Pro V2 water temperature logger (Onset®, 
OneTemp Pty Ltd, Brisbane, Australia) mounted on a progesterone free controlled internal drug 
release device (CIDR; InterAg New Zealand, Hamilton, New Zealand). The logger unit was then 
inserted approximately 20 cm into the vaginal cavity as described by Verwoerd et al. (2006). The 
CIDR itself was 14 cm in length and 1 cm wide along the shaft, with the wings spanning 15 cm. The 
Hobo Pro V2 water temperature logger was 11.5 cm long and 3 cm wide. Data were downloaded from 
the loggers using proprietary software (HOBOware, Onset®, OneTemp Pty Ltd, Brisbane, Australia).  
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For collecting TVAG, cow pairs were randomly assigned to one of four groups (5 pairs/group; n = 10). 
Temperatures were recorded twice on each subgroup of five pairs. Each consecutive group (Group 1 
to Group 4) over a five day period (Thursday to Tuesday) within one research week (Thursday to 
Wednesday). After all groups had been measured once, measurements were repeated. Vaginal 
temperatures were measured on one group per week. Vaginal temperature was measured in 
conjunction with milk composition. Milk composition was measured three days per week on the cows 
with temperature loggers.  
 
5.2.4 Infrastructure  
Shaded cows had access to two metal, solid roofed shade structures (15 m × 6 m × 4 m) proving a 
total shaded area of 360 m2. Shade was also provided by the feed pad area, providing a shaded area 
of 195 m2 (15 m × 3.25 × 4 m). Shaded cows were housed in a 50 m × 22 m paddock (1100 m2). Un-
shaded cows were housed in a 30 m × 70 m (2100 m2).  
 
Post afternoon milking the cows had access to two steel roofed shade structures (60 m × 6 m × 4 m) 
providing 360 m2 shade), as well as shade from a steel roofed feed pad (60 m × 15 m × 4 m) providing 
600 m2 of usable shade. 
 
5.2.5 Nutritional Management  
Cows were fed a silage based mixed ration; including corn silage; soybean silage; soybean meal; 
lactating cow pellets; and bentonite. Cows also had access to a salt lick during the afternoon. At 
approximately 1800 h cows were locked into a kikuyu (Pannisetum clandestinum; approx. 80 × 20 
m) pasture until morning. Cows were fed a mixed ration twice per day. Shaded cows were fed from 
one side of the concrete feed bunk (15 m on each side; 0.75 m/cow). Feed was offered to un-shaded 
cows in concrete troughs (7 m, 0.3 m; 0.7 m/cow) situated on a concrete pad in an open area to allow 
for cows to feed from both sides of the trough. After evening milking cows were fed at a steel roofed 
feed pad (60 m × 15 m × 4 m; 170 head capacity) located in the main herd loafing area. 
 
Water was available ad libitum via a 5000 L cup and saucer trough in both yards, as well as the loafing 
area overnight. When cows were at pasture, water was accessible via a similar system in the paddock. 
A 330 L trough was also available upon entering and leaving the dairy. 
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5.2.6 Climatic Conditions 
Ambient temperature (TA, °C), relative humidity (RH, %) and wind speed (WS, m/s), black globe 
temperature (BGT, °C) were obtained every 10 minutes from an onsite automated weather station 
(Esidata MK-3; Environdata Australia Pty Ltd, Warwick, Qld, Australia). From these data, the 
temperature humidity index (THI) and DHLI were calculated. The THI was calculated by using the 
following equation as adapted from Thom (1959); 
 
𝑇𝐻𝐼 = 0.8 × 𝑇𝐴 +  ⌊(
𝑅𝐻
100
× (𝑇𝐴 −  14.4)⌋ + 46.4 
 
Where RH = relative humidity (%); and TA = wet bulb or dew point temperature 
 
The DHLI was calculated by using the following equation described within Chapter 3; 
 
𝐷𝐻𝐿𝐼 =
(
1.681813
(1 +  𝑒−(−8.50749+ 0.206159∗𝐵𝐺𝑇+4.088399∗𝑅𝐻))
) − 0.0002
1.6812 − 0.0002
 × 100  
 
Where BGT = black globe temperature (°C); and RH = relative humidity (decimal) 
 
Daily (24 hour) rainfall (mm) was recorded at 0900 h using a graduated rain gauge.  
 
5.2.7 Milking Management  
Milking occurred in a 14 per side herringbone designed dairy (n = 28). Both sides of the dairy were 
equipped with hydraulic exit gates. For the morning milk, milking occurred at ≈ 0500 h (from 0430 
h to 0600 h), however in the afternoon the cows used within the experiment were milked before the 
main herd, from 1500 h to approximately 1515 h.  
 
Milk samples were collected during the AM and PM milking on each sub group on Friday, Sunday 
and Tuesday. All cows were sampled during the Tuesday AM milking. A 50 mL milk sample was 
collected from each cow during one morning milking per month. Milk samples were analysed by 
Australian Herd Recording Services (Hadspen, Tasmania). Milking cups were fitted with in-line milk 
meters (Metatron 12, Westfalia Surge, GEA Farm Technologies); allowing for daily, morning and 
afternoon, individual production records using DairyPlan software (Westfalia Surge, GEA Farm 
Technologies).  
 
The holding area of the milking parlour had cooling mitigation strategies, in the form of sprinklers (n 
= 10) and fans (n = 5). The sprinklers were positioned 2 m above the cows and were automatically 
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timed for alternate periods of 45 seconds of water application and 45 seconds non-application. 
Sprinkler nozzles provided large droplets of water. The fans (Hydor Fans and Ventilation Equipment, 
Melbourne, Australia), were 800 mm in diameter, were located in two areas of the milking parlour (i) 
at the back of the milking bays (n = 2) and (ii) the back of the holding yard (n = 3). The sprinklers 
and fans were used in conjunction, with the fans constantly active. Cows were taken to be milked in 
the afternoon at 1430 h, and left under the sprinklers and fans for ≥ 10 minutes before milking to 
allow for some heat load alleviation. Once milked, cows were returned to the main herd. 
 
5.2.8 Statistical Analysis 
5.2.8.1 Behavioural Responses  
Behavioural observations (standing, shade seeking, feeding, drinking) were totalled for each 
observation (0800, 1100, 1400, and 1800 h), by date and treatment. The total number of cows 
observed during each observation was also noted (n ≤ 20 per treatment). These data and the THI and 
DHLI for each observation were modelled using a generalised linear model in R (R, R Foundation 
for Statistical Computing, Vienna, Austria), using a binomial function. Behaviour was modelled 
against thermal index, trial date and observation time, and was weighted for the number of cows 
observed at each observation. Standing behaviour was used as a measure of either standing or lying, 
given the binomial nature of the observation. Shade seeking was similar, in that a cow was either 
under shade, or not. 
 
5.2.8.2 Panting Score 
A mean panting score (MPS) was calculated for each observation, by treatment and date. Data were 
analysed using a generalised linear model in R (R, R Foundation for Statistical Computing, Vienna, 
Austria), with PS as the response variable and thermal index (THI or DHLI as a random effect), date 
and observation time (fixed effects) as predictor variables. The model was weighted according to the 
number of cows that were observed for a PS (Table 5.1) during each observation. 
 
5.2.8.3 Vaginal Temperature  
Vaginal temperature data were analysed using the generalised linear model function in R (R, R 
Foundation for Statistical Computing, Vienna, Austria). Initially 10 minute TVAG, THI and DHLI data 
were used to determine a within hour mean for each variable. Vaginal temperature was considered 
the response variable, while THI or DHLI were random effects and date, hour, week, treatment, pair, 
date × hour and cow ID were described as fixed effects. The model was weighted against the number 
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of TVAG readings taken during the hour. The effect of each variable was elucidated using an analysis 
of deviance. 
 
5.2.8.4 Milk Yield  
Daily total milk production data were averaged by treatment. Data were then interrogated against 
mean THI and DHLI for the previous seven days (THI d -7 or DHLI d -7). This was noted to be the 
best predictor of milk production in the previous chapter. A generalised linear model was used to 
determine whether THI or DHLI was the better predictor of the effect of hot conditions on milk 
production in cows in shaded and un-shaded environments. Total milk production was modelled using 
mean thermal index over the previous seven days (THI d -7 or DHLI d -7) and the date. 
 
5.2.8.5 Milk Composition 
Protein and fat of cows in shaded and un-shaded treatments were individually modelled against mean 
daily THI and DHLI (random effects), and date and cow (fixed effects) using a generalised linear 
model. There was no effect of time of day (AM or PM; P > 0.05) on the outcome and so time was not 
included as a factor. 
 
5.3 Results 
5.3.1 Climatic Conditions  
The weather conditions during the experimental period were similar to long-term averages for the 
location with some intermittent hot days above 35 °C (n = 3; Table 5.3). There were 54 d where THI 
> 72; 46 d where THI > 75; and 11 d where THI > 80 (Figure 5.1). Overall the conditions were 
sufficient to elicit a heat load response in the cows on most days.  
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Table 5. 2: Mean (± SEM) hourly ambient temperature (TA,°C), relative humidity (RH, %), 
wind speed (WS, m/s), black globe temperature (BGT, °C), Temperature Humidity Index (THI) 
and dairy heat load index (DHLI) 
Hour 
Item  
TA (°C) RH (%) WS (m/s) BGT (°C) THI
1 DHLI2 
0000 21.2 ± 0.11 79.8 ± 1.07 1.0 ± 0.05 17.4 ± 0.11 68.6 ± 0.17 18.3 ± 0.50 
0100 20.9 ± 0.11 81.1 ± 1.08 0.9 ± 0.05 17.2 ± 0.11 68.3 ± 0.17 18.6 ± 0.52 
0200 20.7 ± 0.11 81.9 ± 1.08 1.0 ± 0.05 17.1 ± 0.11 68.1 ± 0.17 18.7 ± 0.50 
0300 20.6 ± 0.11 82.6 ± 1.08 0.9 ± 0.05 16.9 ± 0.11 67.8 ± 0.17 18.6 ± 0.50 
0400 20.3 ± 0.11 83.2 ± 1.07 0.9 ± 0.04 16.6 ± 0.11 67.5 ± 0.18 18.1 ± 0.49 
0500 20.1 ± 0.12 83.8 ± 1.05 1.0 ± 0.05 16.5 ± 0.12 67.1 ± 0.20 18.1 ± 0.50 
0600 20.5 ± 0.12 83.8 ± 1.04 1.1 ± 0.05 18.4 ± 0.15 67.7 ± 0.19 23.3 ± 0.57 
0700 21.9 ± 0.10 79.9 ± 0.99 1.4 ± 0.05 21.2 ± 0.16 69.7 ± 0.15 31.0 ± 0.66 
0800 23.6 ± 0.09 73.8 ± 0.94 1.9 ± 0.05 24.7 ± 0.20 71.9 ± 0.13 41.4 ± 0.77 
0900 24.9 ± 0.10 69.8 ± 0.91 2.1 ± 0.06 27.5 ± 0.25 73.5 ± 0.12 50.2 ± 0.83 
1000 26.0 ± 0.12 66.6 ± 0.89 2.2 ± 0.06 28.8 ± 0.29 74.7 ± 0.13 53.2 ± 0.91 
1100 26.7 ± 0.15 64.1 ± 0.97 2.3 ± 0.06 29.3 ± 0.33 75.3 ± 0.14 53.2 ± 0.94 
1200 27.3 ± 0.18 62.3 ± 1.03 2.3 ± 0.06 30.2 ± 0.35 75.8 ± 0.15 55.4 ± 0.99 
1300 27.8 ± 0.20 60.9 ± 1.09 2.3 ± 0.06 30.1 ± 0.38 76.1 ± 0.16 53.7 ± 1.01 
1400 28.0 ± 0.21 59.7 ± 1.08 2.4 ± 0.06 29.8 ± 0.38 76.2 ± 0.17 50.9 ± 1.02 
1500 27.8 ± 0.22 60.3 ± 1.08 2.4 ± 0.05 28.8 ± 0.36 76.1 ± 0.18 47.2 ± 0.95 
1600 27.3 ± 0.21 62.4 ± 1.03 2.3 ± 0.05 27.2 ± 0.33 75.7 ± 0.18 42.0 ± 0.84 
1700 26.5 ± 0.19 64.6 ± 1.02 2.1 ± 0.05 25.0 ± 0.27 74.9 ± 0.17 34.0 ± 0.68 
1800 25.4 ± 0.16 67.3 ± 1.03 1.8 ± 0.04 22.3 ± 0.21 73.6 ± 0.16 25.3 ± 0.54 
1900 24.1 ± 0.13 71.1 ± 0.96 1.6 ± 0.05 20.2 ± 0.13 72.3 ± 0.15 20.4 ± 0.43 
2000 23.3 ± 0.11 73.6 ± 0.95 1.3 ± 0.04 19.4 ± 0.11 71.4 ± 0.14 19.8 ± 0.45 
2100 22.6 ± 0.10 75.4 ± 1.00 1.3 ± 0.06 18.7 ± 0.10 70.5 ± 0.13 19.1 ± 0.47 
2200 22.0 ± 0.10 77.3 ± 1.04 1.0 ± 0.04 18.2 ± 0.10 69.7 ± 0.14 18.8 ± 0.49 
2300 21.6 ± 0.10 78.6 ± 1.04 1.0 ± 0.05 17.7 ± 0.11 69.2 ± 0.16 18.6 ± 0.50 
1 THI = 0.8 × ⌊(RH/100 × (dry bulb temperature - 14.4)⌋ + 46.4; Where RH = relative humidity (%); adapted from Thom 
(1959) 
2 DHLI = ((1.681813/((1 + e^(-(-8.50749 + 0.206159 × BGT + 4.088399 × RH))))) - 0.0002)/(1.6812 - 0.0002) × 100 
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Figure 5. 1: Temperature Humidity Index (THI) and Dairy Heat Load Index (DHLI) over 55 
days  
 
5.3.2 Behavioural Responses  
The overall effectiveness of the THI and DHLI as a predictor of behaviour in lactating dairy cows 
with and without access to shade are summarised below (Table 5.3). Standing behaviour in shaded 
cows was better described by the THI over the DHLI, as denoted by the lower AIC (AIC = 899.90 
versus AIC = 910.55; Table 5.3). Furthermore, the DHLI was not a driving force in standing 
behaviour in shaded cows (P = 0.219). Shade usage was more accurately explained by the model 
containing DHLI for cows within the shade treatment (Table 5.3). Changes in feeding behaviour due 
to changes in climatic conditions were not apparent in shaded cows, as measured by THI (P = 0.540) 
and DHLI (P = 0.342). The DHLI appeared to be the better indicator of changes in feeding behaviour 
in the un-shaded cows, as compared to the THI (Table 5.3). The THI was unable to describe changes 
in drinking behaviour in shade cows where the DHLI was (Table 5.3). 
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Table 5. 3: Effectiveness of the Temperature Humidity Index (THI) and Dairy Heat Load Index 
(DHLI) in predicting behaviour of lactating cows housed in Shade and un-shaded treatments 
by using Akaike’s An Information Criterion (AIC) as a comparison 
Behavioural Response Treatment 
AIC Index Significance1  
THI DHLI THI DHLI 
Standing 
Shade 899.90 910.55 P < 0.001 P = 0.219 
Un-shaded 944.21 926.81 P < 0.001 P < 0.001 
Shade usage 
Shade 786.68 837.83 P < 0.001 P < 0.001 
Un-shaded NA NA NA NA 
Feeding 
Shade 999.15 998.62 P = 0.540 P = 0.342 
Un-shaded 991.47 973.79 P < 0.001 P < 0.001 
Drinking 
Shade 148.66 144.09 P = 0.177 P = 0.011 
Un-shaded 73.77 73.20 P = 0.401 P = 0.252 
1 P value denotes importance of thermal index in the model 
 
5.3.3 Panting Score  
Mean panting score for the shaded treatment was better described by the THI (Figure 5.2), as opposed 
to the DHLI (Figure 5.3), as denoted by the lower AIC (AIC = -5.213, P < 0.001; AIC = 6.511; P < 
0.001). However, the opposite was true for MPS in cows in the un-shaded treatment; where DHLI 
was a better descriptor than THI (DHLI, AIC = 15.088, P < 0.001; THI, AIC = 29.279, P < 0.001). 
 
Figure 5. 2: Relationship between mean panting score (MPS) and Temperature Humidity (THI) 
with loess smoother 
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Figure 5. 3: Relationship between mean panting score (MPS) and Dairy Heat Load Index 
(DHLI) with loess smoother 
 
5.3.4 Vaginal Temperature  
Mean hourly TVAG by treatment over the duration of the experiment are presented below (Figure 5.4). 
When modelled, real time THI (AIC = 7045.8) was better able to describe the changes in TVAG as 
opposed to the DHLI (AIC = 6156.6; Table 5.4). 
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Figure 5. 4: Mean (± SEM) hourly vaginal temperature (TVAG, °C) of shaded (Sh) and un-
shaded (Unsh) lactating dairy cows over the duration of the experiment  
 
Table 5. 4: Effect of model variables on the effect of the Dairy Heat Load Index (DHLI) and 
Temperature Humidity Index (THI) on vaginal temperature (TVAG, °C) of shaded and un-
shaded lactating dairy cows 
Variable DHLI THI 
Index  P < 0.001 P < 0.001 
Date P < 0.001 P < 0.001 
Hour P < 0.001 P < 0.001 
Week P < 0.001 P < 0.001 
Treatment P < 0.001 P < 0.001 
Pair P < 0.001 P < 0.001 
Cow P < 0.001 P < 0.001 
Date × Hour P < 0.001 P = 0.040 
 
5.3.5 Milk Yield  
Mean weekly milk production (kg/d) by treatment over the duration of the experiment are presented 
below (Figure 5.5).The THI (AIC = 117.93) appeared to be the better descriptor of milk production 
for cows with access to shade, over the DHLI (AIC = 120.60). However, when an analysis of deviance 
was conducted for each model, THI d -7 was identified as non-significant (P = 0.5723) whilst DHLI 
d -7 was significant (P = 0.001).  
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In cows without access to shade, milk production was better able to be predicted by the DHLI over 
the THI. This manifested in an AIC of 127.32 for the DHLI d -7 + date model; as opposed to an AIC 
of 129.44 for the THI d -7 + date model. In both models, the analysis of deviance determined that 
THI d -7 (P = 0.028) and DHLI d -7 (P = 0.017) were both important predictors of milk production. 
Date was also an important factor in milk production irrespective of shade availability (P < 0.001). 
 
 
Figure 5. 5: Mean (± SEM) milk production (kg/d) of shaded (Sh) and un-shaded (Unsh) 
lactating dairy cows over the duration of the experiment 
 
5.3.6 Milk Composition  
5.3.6.1 Milk Protein  
Mean weekly milk protein (%) by treatment over the duration of the experiment are presented below 
(Figure 5.6). Milk protein concentration in shaded cows were not sensibly affected by THI or DHLI. 
The DHLI appeared to be a better predictor of milk protein levels, when modelled alongside date and 
cow (P = 0.0271), whereas the THI did not appear to effect milk protein concentration (P = 0.4933). 
However the effect in each model was positive, indicating that as THI or DHLI increased milk protein 
increased. Milk protein concentrations were affected by changes in THI and DHLI in un-shaded cows 
(P < 0.001 and P = 0.003 respectively). The THI appeared to be the better predictor with an AIC of -
139.20, as compared to the DHLI with an AIC of -143.52. 
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Figure 5. 6: Mean (± SEM) milk protein (%) of shaded (Sh) and un-shaded (Unsh) lactating 
dairy cows over the duration of the experiment  
 
5.3.6.2 Milk Fat 
Mean weekly milk protein (%) by treatment over the duration of the experiment are presented below 
(Figure 5.7). There was no effect of THI or DHLI on the fat percentage of milk in shaded and un-
shaded cows (P > 0.05). As such no comparison was made between the two thermal indices. 
Interestingly, the only factor that had any effect was cow for shade and un-shaded cows (P < 0.001), 
indicating that fat content was driven by the individual, among other unmeasured factors, more so 
than treatment, day or thermal index. 
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Figure 5. 7: Mean (± SEM) milk fat (%) of shaded (Sh) and un-shaded (Unsh) lactating dairy 
cows over the duration of the experiment  
 
5.4 Discussion  
Numerous authors have described the altering behaviour of cattle under heat stress, include refusal to 
lie down, huddling, increased respiration rate, increased rectal temperature and open mouth breathing 
in advanced heat stress (Dikmen et al., 2012, Young and Hall, 1993, Young et al., 1997, Igono et al., 
1987, Frazzi et al., 2000, TapkI and Sahin, 2006, Tucker et al., 2008, Shultz, 1984, Gaughan et al., 
2008a, Zähner et al., 2016). These changes occur in response to a disruption in the balance between 
heat accumulated and dissipated from the body. At low TA conduction, radiation and convection are 
the most effective means of heat loss (Kadzere et al., 2002), however as TA increases evaporative 
heat loss becomes the primary method of heat dissipation. Where at 32 °C evaporative heat loss 
accounts for 85 % of total heat loss (Avendaño-Reyes et al., 2010). However during periods when TA 
are increasing the efficiency of evaporative cooling decreases (Berman, 2009). 
 
It has been well established that the provision of shade is an advantageous heat load alleviation tool 
for lactating dairy cows. The advantage of shade structures is that the application is passive, where 
animals are able to utilise shaded areas voluntarily (Eigenberg et al., 2005). The provision of shade 
reduces the animals exposure to direct SR, however shade structures do not alter TA or RH (Gaughan 
et al., 2004b, Buffington et al., 1981, Buffington et al., 1983). Roman-Ponce et al. (1977) showed 
that providing shade reduced BGT by ≈ 8 °C (36.7 °C versus 28.4 °C). The use of shade can reduce 
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the radiant heat load of an animal by 30 %, by reducing direct exposure to the sun (Bond et al., 1967). 
For lactating dairy cows the benefits of shade come in the form of improved milk production, 
reproductive efficiency and milk production in the following lactation (Buffington et al., 1983).  
 
5.4.1 Behavioural Responses  
5.4.1.1 Standing 
The DHLI was not recognised as a driving force in standing behaviour in shaded cows (P = 0.219). 
This was an unexpected outcome as it is well recognised that cattle stand during periods of hot 
weather (Dikmen et al., 2012, Young and Hall, 1993, Shultz, 1984, Gaughan et al., 1998, Gaughan et 
al., 2008a, Zähner et al., 2016). However this was attributed to reducing solar load on the cows via 
utilisation of the shade structure. This was confirmed with the un-shaded treatment where the DHLI 
was the better performer in predicting standing (Table 5.3), where the provision of shade reduces the 
animals exposure to direct SR (Gaughan et al., 2004b, Buffington et al., 1981, Buffington et al., 1983). 
For un-shaded cows increasing the proportion of time standing, may be representative of the animals’ 
inability to cope with hot conditions. By standing cows are potentially attempting to increase heat 
dissipation via evaporative, from the coat surface, and convective, air movement around the body, 
exchange mechanisms by exposing greater body surface area to the thermal environment. 
 
5.4.1.2 Shade Seeking  
As heat load increases lactating dairy cows are more motivated to seek shade (Schütz et al., 2008, 
Schütz et al., 2014, Schütz et al., 2009, Schütz et al., 2010). Shade usage has been well documented 
to increase with increasing SR and ambient conditions (Schütz et al., 2010, Castaneda et al., 2004, 
Gaughan et al., 1998, Kendall et al., 2006, Schütz et al., 2008, Palacio et al., 2015). The DHLI had a 
better ability to predict shade usage (Table 5.3). This result was unsurprising given that the DHLI 
model was developed using BGT, where increasing SR are associated with shade seeking behaviours 
by cows (Gaughan et al., 1998, Tucker et al., 2008). Within the current experiment mean TA at 1400 
h was 28 °C, suggesting that within this herd shade is an important mitigation strategy. However a 
lack of air movement under shade structures may offset the beneficial aspects of shade (Mader et al. 
1997), therefore careful consideration of shade structure design is imperative. Maintaining milk 
production and reproductive efficiency within the current lactation as well as benefits milk production 
over subsequent lactations can all be attributed to well-designed shade structures (Buffington et al., 
1983).  
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5.4.1.3 Feeding and Drinking 
Heat load conditions are associated with a reduction in DMI, where intake begins to decline in 
lactating dairy cows at TA between 25 °C and 27 °C (NRC, 1981). Changes in feeding behaviour due 
to changes in climatic conditions were not apparent in shaded cows, as measured by THI (P = 0.540) 
and DHLI (P = 0.342). However the DHLI appeared to be the better indicator of changes in feeding 
behaviour in the un-shaded cows, as compared to the THI (Table 5.3). These results are likely to be 
a reflection of the un-shaded cows shifting feed intake to the cooler hours of the day, in an attempt to 
reduce accumulated heat load (Brown-Brandl et al., 2005a, Ray and Roubicek, 1971). It is important 
to acknowledge that these results are somewhat confounded as cattle were offered feed twice daily, 
therefore feeding times will be highly influenced by time of offer. Therefore it becomes difficult to 
define the response of feeding behaviours to hot climatic conditions within the current experiment. 
 
Unsurprisingly neither the THI nor DHLI were able to describe changes in drinking behaviour in 
cows in the un-shaded treatment. However the DHLI was able to describe changes in drinking 
behaviour in shaded cows (P = 0.011). However it is difficult to elucidate the impact of hot climatic 
conditions on water consumption within the current experiment as observations of these animals only 
occurred four times daily (0800 h, 1200 h, 1400 h and 1800 h). Given this ambient conditions have 
been reported to cause variability in daily water intake (NRC, 1981, Arias and Mader, 2011, Brosh et 
al., 1998). Increasing water consumption during hot conditions are a reflection of water turnover rate 
via increases in urine volume (25 %); respiratory tract evaporation (54 %); and evaporative heat loss, 
mainly due to sweating (177 %) (McDowell and Weldy, 1967, Parker et al., 2000, Beede and Collier, 
1986). Schütz et al. (2010) concluded that lactating cows without access to shade increase the amount 
of time around water when the HLI reaches 75. The authors indicated that on days where HLI was 
between 74 and 76 that TA ranged between 19 °C and 25 °C. However daily water intake appears to 
be primarily driven by DMI, where the level of intake (kg/d) and type of ration offered, i.e. 
concentrates versus roughage, influence the amount of water consumed by cattle (McDowell and 
Weldy, 1967). 
 
5.4.2 Panting Score 
Interestingly, MPS was better described by the THI (Figure 5.2) for shaded cows, however DHLI 
(Figure 5.3) was a better predictor in un-shaded cows. Classifying animals using a PS index, provides 
an indication of the extent at which the individual is affected by the heat load (Mader et al., 2006, 
Brown-Brandl et al., 2006a). However consideration must be given to the fact that PS is not a direct 
measure of respiration rate, it provides a visual indicator of heat load status in cattle (Gaughan and 
137 
 
Mader, 2014, Mader et al., 2006). Therefore the panting response becomes a function of respiration 
rate and body temperature (Gaughan et al., 2010a). 
 
The ability of the THI and DHLI in describing the PS responses within the current experiment are 
likely to be associated with the climatic variables used within the THI and DHLI models. The THI 
does not account for air movement or SR, which are both well reported to influence the thermal 
exchange mechanisms. Whereas the DHLI developed within Chapter 3, incorporates BGT 
temperature as a measure of TA and SR. Furthermore the DHLI model incorporates MPS as a 
physiological measure, where the model was developed based on data collated from cows with 
voluntary access to shade. Where the DHLI model was only able to account for 54.2 % of the variation 
observed in the response to hot climatic conditions, suggesting that numerous individual factors 
influence a cow’s ability to cope with hot climatic conditions. These factors are likely to include 
variables such as milk yield (Berman, 2005); DIM (Sharma et al., 1988, McDowell et al., 1976, 
Sharma et al., 1983); physiological status (Soriani et al., 2013, West, 2003); feed type (Beatty et al., 
2008, Brown-Brandl et al., 2005a); and availability of cooling mechanisms such as shade, sprinklers 
and forced ventilation (Sanchez et al., 1994, Avendaño-Reyes et al., 2010, West, 2003). As panting 
score is a function of respiration rate and body temperature (Gaughan et al., 2010), it also becomes a 
reflection of the influence ambient climatic conditions have on thermal exchange.  
 
5.4.3 Vaginal Temperature  
It has been well established that the provision of shade is an advantageous heat load mitigation 
strategy (Schütz et al., 2010, Schütz et al., 2008, Schütz et al., 2009, Kendall et al., 2006, Tucker et 
al., 2008, Palacio et al., 2015). Within the current experiment the range in TVAG of shaded cows was 
36.1 °C to 41.8 °C, whilst un-shaded cows had a TVAG range between 36.0 °C and 42.9 °C. Minimum 
TVAG within the current experiment were lower than those reported by Tucker et al. (2008). The 
authors reported minimum body temperature of shaded cows (99 % solar block out) 37.7 °C, 
compared with 37.9 °C for un-shaded cows (Tucker et al., 2008). Interestingly there was a trend for 
un-shaded cows have lower night time TVAG (Figure 5.4). Similar findings, using have been reported 
by Gaughan et al. (2004b) via rectal temperature; Brown-Brandl et al. (2005a) and Gaughan et al. 
(2010a) using abdominal temperature via radiotelemetry; Mader et al. (2010a) via tympanic 
temperature; Kendall et al. (2006) and Dikmen et al. (2009), using TVAG; and Lees et al. (2017) using 
ruminal temperature via radiotelemetry. This would suggest that there is consistency in the response 
measures of body temperature in response to shade availability during periods of heat load (Lees et 
al., 2017).  
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Although not investigated here Tucker et al. (2008) concluded that coat colour influenced the 
relationship between ambient conditions and body temperature. Predominantly white cows had a 
smaller increases in maximum body temperature at higher heat load index (HLI) values when 
compared with predominantly black or black and white cows (P = 0.024). However the authors 
reported that this response was only associated with HLI, not THI (P ≥ 0.113) (Tucker et al., 2008). 
Schütz et al. (2009) concluded that mean TVAG, between 1000 h and 1700 h, was associated with 
increased with increasing THI and HLI. Interestingly, given the shortcomings of the THI, data within 
this experiment shows that real time THI (AIC = 7045.8) was better able to describe the changes in 
TVAG when compared with the DHLI (AIC = 6156.6). The DHLI had a significant (P < 0.001) 
interaction with date, hour, week, treatment date × hour, pair and cow ID on TVAG within the current 
experiment. These results here and the findings of Tucker et al. (2008) suggest that THI may not be 
able to accurately account for cow factors that influence thermal comfort.  
  
5.4.4 Milk Yield  
The THI was a better predictor of milk yield for shaded cows, however the DHLI was a better 
predictor for un-shaded cows. As with PS this is an interesting outcome and may be associated with 
the climatic variables incorporated into the THI and DHLI. Irrespective of the model predictions, 
shaded cows within the current experiment were better able to maintain milk yield (Figure 5.5). It has 
been well established that the provision of shade is an advantageous heat load alleviation tool for 
lactating dairy cows (Schütz et al., 2008, Schütz et al., 2014, Schütz et al., 2009, Schütz et al., 2010, 
Tucker et al., 2008, Mitlöhner et al., 2002, Gaughan et al., 2004a, Gaughan et al., 1998, Buffington 
et al., 1981, Buffington et al., 1983, Kendall et al., 2006). The provision of shade reduces the animals 
exposure to direct SR, however shade structures do not alter TA or RH (Gaughan et al., 2004b, 
Buffington et al., 1981, Buffington et al., 1983). The use of shade can reduce the radiant heat load of 
an animal by 30 %, by simply blocking out the sun (Bond et al., 1967). The reduction in exposure to 
direct SR, reduces heat accumulation thereby decreasing the amount of heat that must be dissipated 
from the body, suggesting that the shaded cows were redistributing less energy towards homeostasis 
compared to the un-shaded cows. Thus providing further evidence supporting the use of shade for 
lactating dairy cows.  
 
Although not investigated here consideration needs to be given to the impact of feed intake on milk 
yield. Reductions in milk yield during periods of heat load have been associated with decreasing feed 
intake (Ravagnolo and Misztal, 2000). However only 35 % to 50 % of the decrease in milk yield can 
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be attributed with the decreased DMI (Rhoads et al., 2009, Wheelock et al., 2010). Anecdotally the 
feed intake of the un-shaded cows decreased within increasing heat load within the duration of the 
current experiment. The reductions in milk yield cannot be completely attributed with the reduction 
in DMI. However a portion of the decrease in milk yield within this experiment will be associated 
with decreased DMI.  
 
5.4.5 Milk Composition 
5.4.5.1 Milk Protein 
Numerically milk protein increased within the duration of the experiment (Figure 5.6). Milk protein 
have the ability to vary considerably throughout the summer, however these variations are also due 
to genetic and nutritional factors (Ferris and Vasavada, 1989, Laben, 1963, Lambertz et al., 2014). 
Milk protein composition is further influenced by the protein secretion of the individual cow (Pollott, 
2004). Furthermore the stage of lactation; nutritional status; health status of the cow; cow genetics; 
and climatic conditions are all drivers of variation in milk protein (Heck et al., 2009). Milk protein 
levels in shaded cows were not sensibly affected by THI or DHLI. This is somewhat confounding as 
numerous authors have reported changing milk protein composition in response to hot climatic 
conditions (Hill and Wall, 2014, Bouraoui et al., 2002, Lambertz et al., 2014, Quist et al., 2008, 
Garner et al., 2017, Bernabucci et al., 2015). However Kendall et al. (2006) concluded that shade did 
not influence milk protein composition. These studies suggest that milk protein composition is 
variable and a portion of this variability can be contributed to climatic conditions, however genetic 
and nutritional factors are more likely driving the variability observed within and between studies 
(Ferris and Vasavada, 1989, Laben, 1963, Lambertz et al., 2014, Brügemann et al., 2011). 
 
5.4.5.2 Milk Fat 
Similar to milk protein, there were not effects of THI nor DHLI on milk fat in shaded and un-shaded 
cows (P > 0.05), therefore no comparisons were made between the two thermal indices. This is 
supported by the findings of Kendall et al. (2006), concluding that shade did not influence milk fat 
composition. However numerous authors have reported a negative relationship between milk fat and 
heat load (Lambertz et al., 2014, Rodriquez et al., 1985, Bernabucci et al., 2010, Quist et al., 2008, 
Bernabucci et al., 2015, Sharma et al., 1983, Sharma et al., 1988, Hill and Wall, 2014, Bouraoui et 
al., 2002, Garner et al., 2017). Interestingly, the only factor that influenced milk fat was individual 
cows (P < 0.001), suggesting that fat content was driven by the individual.  
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5.5 Conclusions 
Cows in the un-shaded treatment were affected by climatic conditions. What remains clear is that the 
provision of shade is an important heat load mitigation tool. The ability of the DHLI to better describe 
the effect of climatic conditions on cows in the un-shaded treatment is a testament to the climatic 
variables on which the model was developed on; BGT and RH. Where BGT is a measure of the 
apparent temperature and is influenced by TA, WS, SR, and RH, which are widely accepted to 
influence an animal thermal comfort. Cows within the un-shaded treatment had no protection from 
SR, a major driver of BGT. The shade structures offered to cows within the current experiment were 
solid roofed, negating direct solar load onto cows. Furthermore, the structures were engineered to 
promote air movement when there was little to no air movement available. These two factors may 
have contributed to the reduced ability of the DHLI to accurately predict changes in standing, shade 
usage, feeding and panting score. These results suggest that the DHLI needs to be further developed 
to incorporate animal and management factors that influence thermal exchange. 
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6.1 Introduction  
Production losses due to heat stress are suspected to cost the US dairy industry $ 897 million annually 
(St-Pierre et al., 2003). In Australia, the cost of heat stress has been estimated at approximately $ 11 
986 per year for a single 100 cow herd, averaging 25 litres per cow without access to shade (Mayer 
et al., 1999). However this estimation may no longer represent the economic losses in the current 
herd, as commercial producers place an emphasis on performance based selection.  
 
In future years, producers will continue to select replacement breeding stock based on individual 
performances for traits that are deemed economically important, i.e. milk yield and composition. In 
addition, the thermoneutral zone of the modern dairy cow is probably lower than traditionally 
recognised (Kadzere et al., 2002). This is likely given the positive correlation between milk yield, 
feed intake and metabolic heat production (Kadzere et al., 2002). Therefore the economic significance 
of heat load is especially important to commercial producers. This may become more evident where 
the forecasted climate change predictions are accurate (Solomon et al., 2007). Regardless of climate 
change and the predicted changes to the thermal environment, summer conditions will continue to 
incite heat load responses in intensive animal production systems worldwide. Therefore the ability to 
predict heat load conditions allows for the implementation of appropriate mitigation strategies.  
 
The current heat stress model in use by the Australian dairy industry is the THI, as based on the 
equation from Yousef (1985). The Australian industry is based largely on both pasture and partial 
mixed ration feeding systems; alongside some total mixed ration systems. The THI has proven 
successful in systems where cows are housed, i.e. in freestall barns (Dikmen and Hansen, 2009), 
however the Australian system is very much an outside system where cows are exposed to the 
elements. Furthermore, there is no specific heat load model for dairy cattle. Thus the focus of this 
thesis was to develop a heat load model for dairy cattle, housed in an outside environment.  
 
6.2 Developing Models 
The development of climatic indices warrants knowledge and understanding of the thermal heat 
exchange between animal and their environment (Parsons et al., 2001). Numerous indices have been 
developed; notably the Black Globe Humidity Index (Buffington et al., 1981); Wet-Bulb Globe 
Thermometer Index (Lee, 1980); Temperature Humidity Index (THI) (Thom, 1959); Heat Load 
Index (HLI) (Gaughan et al., 2008b); and Comprehensive Climatic Index (Mader et al., 2010b). The 
THI has had extensive application in livestock production, particularly in the dairy industry. The 
ability of the THI in predicting heat load is associated with the influence of ambient temperature (TA) 
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and relative humidity (RH) on thermal exchange mechanisms (St-Pierre et al., 2003, Brown-Brandl 
et al., 2006a, Hahn et al., 2009).  
 
At a minimum thermal prediction models should contain a current weather parameter such as TA; RH, 
WS or SR (Brown-Brandl et al., 2005b). Further to this Scharf et al. (2011) suggested that an indicator 
of an animals thermal comfort should also be incorporated in conjunction with ambient climatic 
conditions. By combining climatic conditions and animal thermal comfort the predicting model may 
be a more accurate representation of animal discomfort. However due to the complexity of the 
models, for the predictions to be accurate the background information must be accurate for the 
population (Scharf et al., 2011). The purpose of climatic indices is to provide a tool for the strategic 
management of livestock during adverse climatic conditions (Mader et al., 2010b).  
 
Traditionally the THI has been defined as the gold standard in identifying the intensity of the thermal 
environment on livestock (Hahn et al., 2009). However numerous authors have identified the 
limitations of the THI. The THI does not incorporate wind speed (WS, m/s) or solar radiation (SR, 
W/m2), which are known to influence thermal exchange mechanisms. The purpose of this thesis was 
to develop a model to better predict the impact of heat load on sub-tropical and tropical dairy regions. 
A Dairy Heat Load Index (DHLI), was developed based on mean panting score (MPS), black globe 
temperature (BGT, °C) and RH. By using BGT the DHLI is able to incorporate the combined effects 
of TA, RH, SR and WS in a single unit measure. In addition the DHLI incorporates MPS, which is 
able to be used as a measure of heat load in a group of animals (Gaughan et al., 2010b).  
 
6.3 Future Directions  
The purpose of this thesis was to develop a heat load index for dairy cows. Whilst this was achieved 
there are some limitations to the DHLI model developed. Chapters 4 and 5 of this thesis were able to 
determine the effectiveness of the DHLI in predicting heat stress, reductions in performance (i.e. milk 
yield) and comfort in lactating dairy cows. However it was identified that the DHLI did not constantly 
perform better than the THI, in terms of predicting cow comfort. In order to account for this, into the 
future the DHLI will require further refinement to ensure that it is able to accurately predict the impact 
of heat load on dairy cows. Some areas of interest to refine the DHLI may include; 
 Breed 
- Milk yields are more likely to be affected in Holstein Friesian cows, however milk 
composition, fat and protein percentages, are more likely to be affected in Jersey cows 
during summer heat stress conditions (Sharma et al., 1983).  
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 Genetic Change 
- Some consideration must also be extended to the impact of epigenetics mechanisms 
that regulate thermotolerance as well as an understanding transgenerational effects 
(Singh et al., 2010). Understanding the role of epigenetics may provide some 
knowledge and understating of the phenotypic variability that exists (Singh et al., 
2010), providing more accuracy to prediction models.  
 Coat Colour  
- Coat characteristics are crucial in an animal’s ability to dissipate excess heat from the 
body (Gebremedhin & Wu 2002). 
- There is some suggestion that cows with a greater proportion of black accumulate a 
greater proportion of heat load. King et al. (1988) concluded cows with predominantly 
white coat colouration produced approximately 3 to 4% more milk during the summer 
months when compared with predominantly black coloured cows exposed to the same 
conditions. Becerril et al. (1993) reported that coat colour had a significant effect on 
milk production and the fat and protein composition. 
 Days in Milk  
- Days in milk has an influence on the cow’s ability to cope with hot climatic conditions 
(Sharma et al., 1988, McDowell et al., 1976, Sharma et al., 1983). Cows in peak 
lactation are likely to be more influenced by heat load. During this period cows are 
producing large volumes of metabolic heat associated with milk synthesis (Kadzere et 
al., 2002). Stage of lactation and pregnancy account for ≈ 50 % of the variability within 
lactation milk yield (Rodriquez et al., 1985).  
 Milk Production Category  
- The production categories described within this thesis are based on the milk 
production yields of The University of Queensland’s (UQ) herd. It is known that high 
production cows produce a greater proportion of metabolic heat (Purwanto et al., 
1990), thus these cows are more susceptible to hot climatic conditions. Therefore milk 
production categories may need to be refined based on and Australian, or global, herd.  
 Health and Health History  
- Animals that are immunocompromised have been identified as more vulnerable during 
heat load conditions (Brown-Brandl et al., 2006a). As animals that are suffering from 
illness typically have an elevated body temperature. The combined effects of illness 
and exposure to heat load conditions, may increase the likelihood of mortality 
(Silanikove, 2000).  
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- An animals health history may also influence an animals ability to tolerate heat load 
(Brown-Brandl et al., 2006a).  
 Acclimation and Adaptation  
- All animals possess the capacity to adapt to their thermal environment. Some of these 
mechanisms developed by animals can be summarised into adaptation and 
acclimation. Acclimation can be considered as a within lifetime process whereby 
continuous exposure to a particular stressor, i.e. hot climatic conditions, results in 
biological adjustments thereby increasing the fitness of that individual animal to 
survive in those conditions (Horowitz, 2001).  
- Adaptation, however, refers to the biological change in successive generations by 
favouring genetic selection within a population due to continuous stressor exposure 
that supports species survival (Roy and Collier, 2012).  
 Nutritional Management and Diet Composition  
- Impacts of feeding total mixed rations versus partial mixed rations  
- The impact of grain based diet is associated with the fact that high energy dense feeds 
have the potential to increase core body temperature (Cho et al., 2014).  
- Additionally the less digestible the diet fed during heat load conditions, the greater the 
rate and extent of reduction in DMI (Beede and Collier, 1986).  
- High starch diets are associated with a reduction in the structural integrity of the 
intestinal epithelium (Suagee et al., 2012). 
- The heat increments associated with diet and nutrient composition differences on the 
overall heat load response 
 Mitigation Management 
- Amount of shade provided, Fans and sprinklers at the milking parlour and/or feed pad 
area. These strategies provide an area for cooling (Mitlöhner et al., 2002). Whereby 
this can be considered as opportunity to dissipate accumulated heat load.  
 Heat Loading  
-  It is well understood that accumulation of heat is an underlying factor in an animal’s 
ability to cope with hot conditions. The effect of accumulated heat load on dairy cows 
needs to be determined in order to improve the effectiveness of the DHLI. 
In order to develop a more comprehensive DHLI model, data will need to be collated across different 
geographical and climatic regions. This will ensure the development of a comprehensive model that 
can be adapted to reflect the management of each herd.  
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6.4 Conclusion  
Whilst a DHLI model was developed, it must be recognised that more refinements are required to 
ensure its accuracy and suitability for commercial industries. The model described here is relative to 
the dairy herd located at The University of Queensland (UQ). Furthermore the DHLI described here 
will be limited by the interactions between the climate and genetic composition within the UQ herd. 
For this model to be suitable for industry application, its needs to be tested and evaluated across 
numerous herds located within different climatic regions. It is also important to recognise that there 
will be a need to constantly re-evaluate the impacts of heat load on dairy cattle, and other species, to 
ensure that appropriate mitigation strategies are implemented as genetic change occurs within these 
populations into the future.  
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